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ABSTRACT 


This  thesis  describes  the  science  and  technology  of  a  new  class  of  autonomic  polymeric 
materials  which  mimic  some  of  the  functionalities  of  biological  materials.  Specifically,  we 
demonstrate  an  autonomic  self-healing  polymer  system  which  can  heal  damage  in  both  coatings 
and  bulk  materials.  The  new  self-healing  system  we  developed  greatly  extends  the  capability  of 
self-healing  polymers  by  introducing  tin  catalyzed  polycondensation  of  hydroxyl  end- 
functionalized  polydimethylsiloxane  and  polydiethoxysiloxane  based  chemistries.  The 
components  in  this  system  are  widely  available  and  comparatively  low  in  cost,  and  the  healing 
chemistry  also  remains  stable  in  humid  or  wet  environments.  These  achievements  significantly 
increase  the  probability  that  self-healing  could  be  extended  not  only  to  polymer  composites  but 
also  to  coatings  and  thin  films  in  harsh  environments. 

We  demonstrate  the  bulk  self-healing  property  of  a  polymer  composite  composed  of  a 
phase-separated  PDMS  healing  agent  and  a  microencapsulated  organotin  catalyst  by  chemical 
and  mechanical  testing.  Another  significant  research  focus  is  on  self-healing  polymer  coatings 
which  prevent  corrosion  of  a  metal  substrate  after  deep  scratch  damage.  The  anti-corrosion 
properties  of  the  self-healing  polymer  on  metal  substrates  are  investigated  by  corrosion 
resistance  and  electrochemical  tests.  Even  after  scratch  damage  into  the  substrate,  the  coating  is 
able  to  heal,  while  control  samples  which  do  not  include  all  the  necessary  healing  components 
reveal  rapid  corrosion  propagation.  This  self-healing  coating  solution  can  be  easily  applied  to 
most  substrate  materials,  and  is  compatible  with  most  common  polymer  matrices.  Self-healing 
has  the  potential  to  extend  the  lifetime  and  increase  the  reliability  of  thermosetting  polymers 
used  in  a  wide  variety  of  applications  ranging  from  microelectronics  to  aerospace. 
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CHAPTER  1 


INTRODUCTION 


1.1  Self-healing  Function 

The  modem  world  uses  a  large  variety  and  amount  of  synthetic  polymers  in  industry  and 
daily  life.  The  current  society  can  be  called  “a  polymer  age”  due  to  the  use  of  many  synthetic 
polymer  materials.  However,  there  is  a  significant  difference  between  natural  biomaterials  and 
artificial  polymers.  Natural  biomaterials  such  as  our  human  body  can  automatically  heal  damage 
or  injury,  while  conventional  synthetic  polymers  do  not  have  this  self-healing  property. 

Various  polymers  with  high  functionality  and  advanced  properties  are  being  developed  to 
replace  traditional  materials.  These  polymers  sometimes  are  used  in  severe  environments,  such 
as  the  deep  ocean  or  space,  which  are  difficult  to  access.  In  addition,  some  polymers  are  used 
inside  the  human  body,  such  as  artificial  organs  and  bone  cement.  The  detection  of  damage  and 
repair  to  these  advanced  materials  is  difficult  even  though  their  failure  results  in  considerable 
expense  and  loss  of  effort  and  time.  Thus,  the  importance  of  a  healing  effect  in  synthetic 
polymers  is  much  more  necessary  for  advanced  applications. 

Synthetic  polymers  with  a  self-healing  effect  can  deliver  a  number  of  merits  and  resolve 
many  unsolvable  problems  in  common  polymers.  We  can  find  one  example  of  these  problems  in 
anti-corrosion  coatings.  In  terms  of  the  economical  aspect,  the  annual  cost  of  corrosion  in  the 
U.S.  is  approximately  $276  billion  per  year,  which  corresponds  to  3.1  percent  of  the  U.S.  gross 
domestic  product  (GDP)  [1],  Thus,  metal  substrates  need  to  be  coated  by  a  polymer  layer,  but 
this  layer  cannot  protect  the  substrate  once  it  sustains  scratch  or  chip  damage.  Once  there  is 
sufficient  damage,  the  coating  layer  must  be  reapplied.  This  thesis  is  motivated  by  these  current 
needs  to  develop  advanced  synthetic  polymers  with  a  self-healing  function. 
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1.2  Previous  Self-healing  Work 

Since  there  has  been  so  much  demand  for  autonomic  healing  in  artificial  materials,  there 
have  been  a  number  of  previous  attempts  to  add  self-healing  functionality  to  polymers  glasses 
and  concrete  [2-4],  It  has  been  known  for  some  time  that  when  a  thermoplastic  polymer  such  as 
poly(methyl  methacrylate)  (PMMA)  is  damaged,  it  can  be  repaired  by  heat  or  solvent  treatments 
that  causes  diffusion  of  the  thermoplastic  polymer  across  the  crack  plane.  Basically,  the  solvent 
or  heat  brings  the  sample  above  its  glass  transition  temperature  and  the  polymer  chains  can 
diffuse  and  entangle  [5-7].  However,  these  kinds  of  treatments  that  require  external  intervention 
such  as  heat,  pressure,  ultra  violet  radiation,  or  solvent  are  not  descriptive  of  a  self-healing 
system.  Moreover,  it  is  necessary  to  know  there  is  damage  in  the  sample  in  the  first  place  prior 
to  external  treatment  of  the  damaged  region. 

A  more  advanced  system,  using  a  thermally  re-mendable  cross-linked  polymeric  material, 
for  a  thermoset  polymer  was  recently  reported  by  Chen  and  Wudl  [8,  9].  This  material  can 
undergo  repeated  healing  by  reversible  Diels-Alder  reaction  with  multi-dienes  and  multi- 
dineophiles.  The  report  proved  that  about  30%  of  the  covalent  bonds  can  be  reversibly 
disconnected  and  reconnected  by  temperature  change,  so  that  it  can  heal  the  fracture  of  samples 
multiple  times  without  a  catalyst,  additional  monomer,  or  special  surface  treatment  (figure  1.1). 
However,  this  system  requires  a  specially  synthesized  monomer,  and  in  addition,  a  high 
temperature  treatment  of  above  120  °C.  Since  external  intervention  is  required,  this  is  not  truly 
autonomic  healing. 
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Figure  1.1  A  thermally  re-mendable  crosslinked  polymeric  material  healed  by  reversible  Diels- 
Alder  reaction;  (a)  Image  of  a  broken  specimen  before  thermal  treatment  and  (b) 
Image  of  the  specimen  after  thermal  treatment.  Figure  adapted  from  ref.  [8]. 


One  example  of  true  self-healing  materials  is  a  system  composed  of  an  encapsulated 
healing  agent  in  a  matrix  polymer.  In  this  system,  the  healing  reaction  is  only  triggered  when  the 
encapsulated  healing  agent  is  released  by  a  mechanical  damage  event.  The  first  study  of  this 
kind  used  macroscale  glass  tubes  which  contained  cyanoacrylate  or  two-part  epoxy  resin  in  an 
epoxy  matrix  [10],  It  was  proved  that  encapsulated  healing  agents  have  the  possibility  for  self- 
healing  in  the  cracked  damage  by  polymerization  of  the  released  healing  agent  from  the  glass 
capillary.  However,  making  glass  tubes  containing  monomers  and  distributing  them  inside  a 
matrix  is  a  difficult  and  time-consuming  process,  which  make  this  material  too  difficult  to  be 
practical.  Self-healing  with  an  encapsulated  healing  agent  starts  to  gain  importance  when  a 
microencapsulated  monomer,  which  can  be  dispersed  through  the  matrix,  is  used.  Using 
microcapsules  enables  self-healing  polymer  mass  production,  even  distribution,  and  effective 
healing  in  the  case  of  relatively  small  cracks  inside  a  matrix.  Early  self-healing  research  using  a 
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microencapsulated  monomer  involved  epoxy  pre-polymer  and  free-radical  polymerization  of  a 
styrene-based  monomer  initiated  by  Co(II)  naphthenate  and  methyl  ethyl  ketone  peroxide 
(MEKP)  in  a  polyester  matrix  [11-12],  but  those  were  not  very  successful.  The  problem  was 
insufficient  microcapsule  rupture  by  crack  invasion  and  incomplete  polymerization  of  the 
monomer  by  the  initiator  [13]. 

A  breakthrough  in  self-healing  research  was  developed  by  White  et  al.,  which  induced 
living  ring  opening  metathesis  polymerization  (ROMP)  of  dicyclopentadiene  (DCPD)  in  the 
presence  of  ruthenium  (Ru)  based  Grubbs’  catalyst  [14],  The  healing  agent,  DCPD,  is 
microencapsulated  by  in  situ  polymerization  of  urea-formaldehyde,  which  forms  a  shell  outside 
of  the  DCPD  liquid  droplet.  The  size  of  microcapsules  is  determined  by  mechanical  stirring 
speeds,  typically  10-1000  pm  in  the  range  of  200-2000  rpm  [15].  These  microcapsules 
effectively  deliver  the  healing  agent  to  the  cracked  plane,  induce  polymerization  by  contact  with 
the  catalyst,  and  finally  seal  the  damage.  The  healing  efficiency  of  this  system,  calculated  by  the 
relative  ratio  of  healed  toughness  to  virgin  toughness,  was  reported  as  75%  [14],  However,  this 
self-healing  polymer  needs  relatively  large  (2.5  wt%)  amount  of  embedded  Grubbs’  catalyst, 
which  is  quite  expensive  ($45/g).  A  small  amount  of  unprotected  Grubbs’  catalyst  could  not 
accomplish  a  successful  healing  reaction  because  of  poor  dispersion  of  the  catalyst  in  the  matrix, 
which  causes  exposure  of  only  a  few  large  particles  on  the  crack  plane  [16],  Moreover,  Grubbs’ 
catalyst  is  susceptible  to  deactivation  by  contact  with  the  amine  curing  agent  used  for  epoxy 
matrix  polymerization  [16], 

Rule  et  al.  used  Grubbs’  catalyst  encapsulated  microspheres  with  paraffin  wax  to  protect 
the  catalyst  from  the  amine  curing  agent  [16-17],  Catalyst  containing  microspheres  are 
synthesized  by  mixing  molten  wax  and  Grubbs’s  catalyst  in  hot  water  with  ethylene-maleic 
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anhydride  copolymer  as  a  surfactant  under  mechanical  stirring,  followed  by  quenching  in  ice 
water  [17-18].  When  a  crack  propagates  into  a  matrix,  the  healing  agent  released  from  the 
microcapsules  dissolves  the  wax  and  induces  the  healing  reaction  [17-18].  Wax-protected 
catalyst  microspheres  can  also  improve  the  dispersion  property  of  the  catalyst  in  the  matrix,  and 
consequently  induce  the  uniform  exposure  of  the  catalyst  to  the  cracked  plane  [16,  18].  The 
healing  efficiency  calculated  by  the  ratio  of  internal  work  between  the  healed  sample  and  the 
virgin  sample  is  reported  as  a  maximum  93%  [16].  Although  less  catalyst  is  required  by  wax 
protected  catalyst  microspheres,  this  system  still  uses  Grubbs’  catalyst,  which  has  some 
limitations. 
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Figure  1.2  Self-healing  system  using  a  microencapsulated  healing  agent;  (a)  Autonomic 
healing  concept  with  microencapsulated  DCPD  and  Grubbs’s  catalyst  (adapted 
from  [14])  and  (b)  self-healing  material  with  wax-protected  Grubbs’  catalyst 
microspheres  (adapted  from  [16]). 
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1.3  Polydimethylsiloxane  (PDMS)  Chemistry 

Sriram  and  Rule  described  the  required  properties  of  a  healing  agent  for  self-healing 
material  [13,  18].  Basically,  unique  characteristics  for  self-healing  materials  are:  a  long  period 
of  activity  and  stability,  good  deliverability,  high  reactivity,  minimal  shrinkage,  and  no  negative 
effect  on  physical  properties  of  materials  either  before  or  after  healing  [13,  18].  Moreover,  Rule 
also  pointed  out  limitations  of  self-healing  chemistry  using  DCPD  and  Grubbs’  catalyst.  Those 
drawbacks  are:  a  slow  rate  of  healing,  a  narrow  operating  temperature  range,  the  high  cost  of 
Grubbs’  catalyst,  the  severely  limited  availability  of  Grubbs’  catalyst,  and  a  large  extent  of  pre¬ 
healing  damage  [18].  Some  of  these  limitations  are  improved  by  microencapsulated  Grubbs’ 
catalyst  with  paraffin  wax  [16].  However,  to  devise  a  more  practical  material,  it  is  necessary  to 
access  a  chemistry  which  is  more  environmentally  stable  and  economically  viable.  For  this 
purpose,  PDMS  is  chosen  as  a  healing  agent  in  our  study  and  we  made  much  progress  in 
previously  mentioned  limitations.  Although  PDMS  is  not  a  hard  polymer  with  strong 
mechanical  properties,  it  has  a  number  of  useful  unique  properties,  especially  for  self-healing 
coatings. 

1.3.1  Silicone  Chemistry 

A  chemical  grade  of  elemental  silicon  for  methylchlorosilanes  synthesis  can  be  achieved 
by  carbo-electro  reduction  process  at  high  voltage  and  temperature  (>1200  °C)  from  silica 
(figure  1.3-a)  [21,  22],  Silicone  became  commercially  important  with  Roscow’s  discovery  of  the 
synthesis  of  methylchlorosilanes  from  the  reaction  of  elemental  silicone  with  methylchloride, 
according  to  figure  1.3-b  [19-20,  22],  The  products  are  separated  by  distillation  and  isolation 
after  reaction.  Polysiloxane  is  obtained  from  hydrolysis  and  condensation  of  methylchlorosilane, 
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which  produces  linear  and  cyclic  polysiloxanes  (figure  1.3-c).  PDMS  is  finally  synthesized  by 
either  acid  or  base  catalyzed  ring  opening  polymerization  of  octamethylcyclotetrasiloxane  with 
hexamethyldisiloxane  (figure  1 .3-d)  [22],  In  addition  the  physical  properties  of  PDMS  can  be 
greatly  improved  by  addition  of  reinforcing  fillers  such  as  silica,  effectively  fumed  silica  with 
high  surface  area  [22], 
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Figure  1.3  Reaction  schemes  for  synthesis  of  PDMS;  (a)  silicone  synthesis  from  silica,  (b) 
methylchlorosilanes  synthesis  from  the  reaction  of  elemental  silicone  with 
methylchloride,  (c)  synthesis  of  polysiloxane  from  hydrolysis  and  condensation  of 
methylchlorosilane,  and  (d)  synthesis  of  PDMS  by  acid  or  base  catalyzed  ring 
opening  polymerization  of  octamethylcyclotetrasiloxane  (adapted  from  [22]). 
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1.3.2  Platinum  Catalyzed  Hydrosilylation 

Many  commercially  available  silicone  products  are  based  on  hydrosilylation  reaction 
chemistry.  The  hydrosilylation  forms  silicon  carbon  bonds  by  the  reaction  of  vinyl 
functionalized  PDMS  with  multi-Si-H-containing  PDMS  in  the  presence  of  a  platinum  catalyst, 
typically  Karstedt’s  catalyst,  and  an  inhibitor  to  control  the  reaction  rate.  The  final  product  is  a 
highly  crosslinked  polymer  network  (figure  1.4)  [22],  The  reaction  is  mainly  affected  by:  the 
molecular  weight  of  the  vinyl  functionalized  polymer,  the  amount  of  Si-H  functional  groups,  the 
ratio  of  vinyl  to  Si-H  functional  groups,  and  the  amount  of  platinum  catalyst  and  inhibitor  [22], 
The  reaction  can  be  hindered  by  contact  with  certain  chemicals,  curing  agents,  and  plasticizers. 
Those  are  organotin  compounds,  silicone  rubber  containing  organotin  catalysts,  sulphur, 
polysulphides,  polysulphones,  other  sulphur  containing  materials,  amines,  urethanes,  amides  and 
azides  [23].  In  my  thesis,  platinum  catalyzed  hydrosilylation  was  first  considered  as  a  healing 
chemistry  because  of  its  possible  polymerization  reaction  at  room  temperature.  Furthermore,  it 
was  a  commonly  available  commercial  product  and  had  useful  properties  of  polymerized  PDMS. 
However,  it  is  inappropriate  due  to  the  previously  mentioned  restrictions. 
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Figure  1.4  Reaction  scheme  for  Pt  catalyzed  hydrosilylation  of  PDMS  (adapted  from  [22]). 
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1.3.3  Tin  Catalyzed  Polycondensation 

The  primary  reaction  for  self-healing  curing  chemistry  in  my  thesis  is  the  tin  catalyzed 
polycondensation  of  hydroxyl  end  functionalized  PDMS  (HOPDMS)  with  alkoxysilane.  This 
PDMS  polycondensation  can  occur  to  produce  a  crosslinked  PDMS  polymer  network  at  room 
temperature  with  certain  catalysts  (figure  1.5).  Those  catalysts  are  amine  and  carboxylic  acid 
salt  of  Pb,  Zn,  Zr,  Sb,  Fe,  Cd,  Sn,  Ba,  Ca,  and  Mn  [24-25].  Among  these  catalysts,  organotin 
compounds  were  finally  chosen  in  my  study  because  this  catalyst  causes  a  minimal  number  of 
side  reactions  [25].  Although  organotin  has  been  used  as  a  catalyst  for  polycondensation  of 
PDMS  for  many  years,  the  reaction  mechanism  and  its  function  is  not  precisely  defined.  The 
main  reasons  the  function  is  hard  to  define  are  that  there  are  a  relatively  small  number  of 
hydroxyl  groups  on  HOPDMS  and  the  final  product  is  a  crosslinked  gel,  both  of  which  make 
monitoring  of  the  reaction  by  chemical  or  spectroscopic  methods  difficult  [25]. 
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Figure  1.5  Reaction  scheme  for  tin  catalyzed  polycondensation  of  PDMS  [24], 
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Most  of  commercially  available  products  for  polycondensation  reactions  use  an  organotin 
catalyst,  generally  dialkyltin  dicarboxylates  or  tin  dicarboxylates  [26].  Although  the  reaction 
mechanism  is  not  clearly  understood  yet,  some  reports  suggest  that  the  reaction  rate  mostly 
depends  on  steric  and  electronic  effects  [25-26].  Shah  reported  that  the  length  of  the  carboxylic 
groups  bonded  to  the  tin  atom  is  an  important  factor  for  the  catalytic  activity  of  organotin 
catalysts  [25].  That  also  means  a  longer  length  of  ester  and  alkyl  groups  bonded  to  tin  atoms 
causes  a  decrease  of  catalytic  activity,  but  the  catalytic  activity  decrease  has  saturation  above  32 
total  carbon  atoms  [25].  The  polycondensation  of  HOPDMS  with  PDES  in  the  presence  of  an 
organotin  catalyst  occurs  at  room  temperature,  and  is  not  hindered  by  contact  with  oxygen, 
moisture,  and  peroxide  initiator.  It  was  this  stability  that  leads  us  to  we  adopt  this  reaction  as  the 
basis  of  our  self-healing  chemistry. 
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CHAPTER  2 


SELF-HEALING  POLYMER  COMPOSITE 


Significant  components  of  this  chapter  were  published  as  S.  H.  Cho,  H.  M.  Andersson,  S.  R. 
White,  N.  R.  Sottos,  P.  V.  Braun,  “Polydimethyl-siloxane  Based  Self-healing  Materials” 
Advanced  Materials  2006, 18,  997-1000. 

2.1  Motivation 

Self-healing  represents  a  new  paradigm  for  active  and  responsive  materials  inspired  by 
natural  biomaterials.  Self-healing  is  expected  to  extend  the  lifetime  and  increase  the  reliability 
of  materials  for  many  applications.  Specifically  we  are  studying  self-healing  thermosetting 
polymers,  which  are  used  in  a  wide  variety  of  applications  ranging  from  microelectronics  to 
aerospace.  Living  organisms  are  well  known  to  heal  their  structural  damages  in  contrast  to 
current  artificial  polymers.  To  introduce  the  natural  healing  concept  into  synthetic  materials,  a 
number  of  crack-healing  approaches  have  been  studied  for  many  years  [1-23],  However,  most  of 
these  systems  can  not  be  considered  as  truly  self-healing  materials  because  they  require  an 
external  initiation  event  to  heal.  As  first  demonstrated  by  White  et  al.  [24],  and  subsequently  in 
additional  publications  [25-30],  polymer  composites  can  be  engineered  to  truly  chemically  self- 
heal.  The  previous  studies  confirmed  the  healing  effect  in  damaged  parts  of  polymer  composites 
when  an  internal  crack  is  propagated  into  matrix  material.  However,  the  chemistry  of  previous 
system  possesses  some  inherent  shortcomings.  Most  significantly,  they  are  unstable  to 
environmental  exposure  such  as  air,  amine  and  peroxide  initiator,  and  economically  expensive. 
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With  this  in  mind,  we  developed  a  new  environmentally  stable  self-healing  system  for  extending 
the  capability  of  self-healing  polymers. 

2.2  PDMS  Based  Self-healing  Materials 

This  research  aims  to  develop  a  new  self-healing  system  by  introducing  environmentally 
stable  healing  chemistry  and  demonstrate  the  concept  of  phase  separated  healing  agents  in 
polymer  matrices.  Phase  separation  of  the  healing  agent  is  an  approach  that  may  be  applicable  to 
a  broad  class  of  new  healing  chemistries  for  structural  polymers.  Although  inspired  by  the 
previous  self-healing  methodology  [24],  in  which  the  monomeric  healing  agent  was  encapsulated 
and  the  catalyst  was  dispersed  as  particulate  throughout  an  epoxy  matrix,  this  new  system 
contains  a  number  of  distinct  differences.  The  siloxane-based  healing  agent  mixture  is  not 
encapsulated,  rather  it  is  phase-separated  in  the  matrix  while  the  catalyst  is  encapsulated.  In  this 
thesis,  we  created  a  new,  chemically  stable  self-healing  materials  system  based  on  the  tin- 
catalyzed  polycondensation  of  phase-separated  droplets  containing  hydroxyl  end-functionalized 
polydimethylsiloxane  (HOPDMS)  and  polydiethoxysiloxane  (PDES).  The  catalyst,  di-n-butyltin 
dilaurate  (DBTL),  is  contained  within  polyurethane  microcapsules  embedded  in  a  vinyl  ester 
matrix  and  is  released  when  the  capsules  are  broken  by  mechanical  damage. 

To  introduce  the  PDMS  curing  chemistry  into  the  self-healing  system,  we  investigated 
the  room  temperature  reactions  of  PDMS  in  the  presence  of  catalysts.  A  well  known 
hydrosilylation  reaction  [31],  platinum  catalyzed  addition  cure,  is  not  appropriate  for  the  self- 
healing  system  because  many  chemicals,  curing  agents  and  plasticizers  found  in  common 
thermosets  can  inhibit  this  catalyst  curing  reaction.  Thus,  we  investigated  as  our  healing 
chemistry  the  polycondensation-based  curing  of  PDMS.  The  polycondensation  of  HOPDMS 
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with  PDES  occurs  rapidly  at  room  temperature  in  the  presence  of  amine  and  carboxylic  acid  salt 
of  various  metal  elements  [32],  Because  side  reactions  are  limited,  organotin  catalysts  are  highly 
desirable  for  curing  PDMS  based  systems,  even  in  open  air  [32-33].  This  environmental  stability 
to  water  and  air  is  of  critical  importance  for  practical  realization  of  self-healing,  and  was  a  prime 
motivation  for  this  catalyst  system.  A  schematic  chemical  reaction  is  shown  in  figure  2.1. 
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Figure  2.1  Reaction  Scheme  for  the  polycondensation  of  HOPDMS  and  PDES  in  the 
presence  of  the  DBTL-Sn  catalyst. 


Generally,  an  amine  curing  agent  such  as  diethylenetriamine  (DETA,  Ancanmine®)  is 
used  for  epoxy  polymerization,  which  is  also  used  in  the  previous  self-healing  methodology.  In 
the  case  of  epoxy  with  an  amine  curing  system,  this  amine  curing  agent  can  also  polymerize 
PDMS  liquid  droplets  during  epoxy  matrix  polymerization.  Thus,  other  matrices  such  as  epoxy 
vinyl  ester  (EVE),  hydroxyethyl  acrylate  (HEA),  methyl  methacrylate  (MMA),  and 
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trimethylolpropane  trimethacrylate  (TMPTA),  which  are  polymerized  by  a  radical  initiator,  were 
investigated  for  the  PDMS-based  self-healing  system.  Among  these,  epoxy  vinyl  ester  (figure 
2.2)  is  considered  first  as  a  matrix  material  in  this  thesis  due  to  its  useful  mechanical  properties. 
Furthermore,  the  epoxy  vinyl  ester  is  rapidly  cured  at  room  temperature  using  lwt%  of 
benzoylperoxide  (BPO)  and  0.1  wt%  of  dimethylaniline  (DMA)  as  the  initiator  and  activator, 
respectively. 
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Figure  2.2  Chemical  structure  of  epoxy  vinyl  ester. 


Successful  self-healing  requires  that  both  the  healing  agent  and  the  catalyst  be  closely 
located  within  the  matrix.  However,  they  must  not  react  until  desired,  that  is,  until  a  crack 
propagates  in  the  material.  Thus,  both  the  healing  agent  and  catalyst  can  not  be  freely  dispersed 
in  the  matrix.  The  low  solubility  of  siloxane-based  polymers  enables  the  HOPDMS-PDES 
mixture  and  catalyst  containing  microcapsules  to  be  directly  blended  with  the  vinyl  ester 
prepolymer,  forming  a  distribution  of  stable  phase-separated  droplets  and  protected  catalyst.  The 
microcapsules  consist  of  a  polyurethane  shell  surrounding  a  DBTL-Sn  chlorobenzene  mixture. 
No  reactions  take  place  between  the  HOPDMS  and  PDES  prior  to  exposure  to  the  catalyst. 
When  the  matrix  cracks,  a  mixture  of  catalyst  released  from  microcapsules  and  the  healing  agent 
wets  the  entire  crack  plane.  Addition  of  an  adhesion  promoter  to  the  matrix  optimizes  wetting 
and  bonding  of  the  crack  faces.  After  the  healing  agent  mixture  cures,  the  crack  is  self-healed 
(Figure  2.3  a-d). 
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Figure  2.3  Schematic  of  self-healing  process:  a)  self-healing  composite  consisting  of 
microencapsulated  catalyst  (yellow)  and  phase-separated  healing-agent  droplets 
(white)  dispersed  in  a  matrix  (green);  b)  composite  containing  a  pre-crack;  c) 
crack  propagating  into  the  matrix  releasing  catalyst  and  healing  agent  into  the 
crack  plane;  d)  a  crack  healed  by  polymerized  PDMS  (crack  width  exaggerated). 


16 


2.3  Phase  Separation 

The  approach  of  this  thesis  research  was  inspired  by  the  previous  self-healing 
methodology  [24],  where  the  healing  agent  was  encapsulated.  However,  in  my  self-healing 
system  the  healing  agents  are  simply  phase  separated  in  the  matrix,  which  induces  smaller  and 
more  uniform  distribution  of  the  healing  agent  in  the  polymer  matrix  as  well  as  an  easy 
manufacturing  process  upon  simple  mixing  with  the  matrix. 

2. 3. 1  Preliminary  Study  for  Phase  Separation  Behavior 

Before  the  actual  phase  separation  study  with  PDMS  as  a  healing  agent,  it  was  first  tried 
to  investigate  the  phase  separation  behavior  of  polybutadiene  (PBD)  in  an  epoxy  (EPON®828) 
matrix  regarding  thermodynamic  incompatibility  such  as  molecular  weight  difference. 
Commercially  available  PBDs  (Sigma- Aldrich)  whose  molecular  weights  ( M n )  are  1,000  and 

1,800  were  used.  Basically,  PBD  is  chemically  immiscible  with  epoxy  due  to  the  large 
difference  of  hydrophobicity,  and  the  very  small  entropy  of  mixing  of  polymers,  so  it  exists  as 
liquid  droplets  inside  the  matrix  upon  mixing  with  epoxy. 

The  morphology  of  phase  separated  PBD  droplets  is  first  observed  by  a  conventional 
laser  scanning  confocal  microscope  (Leica,  DMIRBE  microscope  and  SP-2  scan-head). 
Confocal  micrographs  showed  that  PBD  is  successfully  phase  separated  from  the  matrix  in  the 
spherical  domain  even  with  small  amount  of  addition  (10  wt%)  to  the  matrix  (figure  2.4),  even 
before  crosslinking  of  the  matrix.  After  matrix  polymerization  at  room  temperature,  the  phase 
separated  PBD  domains  were  very  obvious  because  of  the  increase  in  thermodynamic 
incompatibility.  Phase  separation  behavior  of  PBD  is  not  significantly  affected  by  molecular 
weight  as  long  as  it  has  sufficient  molecular  weight  for  thermodynamic  incompatibility. 
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Confocal  micrographs  were  obtained  both  in  xyz  mode  for  surface  observation  and  in  xzy  mode 
for  cross  section. 
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Confocal  micrographs  of  phase  separated  PBD  droplets  with  molecular  weight  (a) 
Mn  =1,000  and  (b)  Mn  =1,800  from  epoxy  before  and  after  matrix  polymerization. 

The  images  are  obtained  in  scanning  modes  for  surface  observation  (XYZ 
direction)  and  cross  sectional  observation  (XZY  direction). 
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To  obtain  clearer  images  for  the  phase  separation  behavior,  a  fluorescent  dye,  Rodamine 
6G,  was  added  into  the  epoxy  matrix,  which  has  very  little  solubility  in  PBD.  The  phase 
separated  morphology  of  PBD  droplets  was  evident  as  black  dots  in  fluorescence  confocal 
micrographs  (figure  2.5).  The  number  of  phase-separated  PBD  droplets  was  increased  as  the 
amount  of  added  PBD  increased.  The  size  of  phase  separated  droplets  is  not  related  with  the 
molecular  weight  of  PBD  but  that  was  increase  as  the  amount  of  added  PBD  increased  (table  2.1). 


Figure  2.5  Fluorescence  confocal  micrographs  of  phase  separated  PBD  (Mn  =1,000  &  1,800) 

droplets  from  epoxy  including  fluorescent  dye  (Rodamine  6G)  before  and  after 
matrix  polymerization.  The  images  are  obtained  in  scanning  modes  for  surface 
observation  (XYZ  direction)  and  cross  sectional  observation  (XZY  direction). 
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Table  2.1.  The  size  values  of  phase  separated  PBD  droplets. 


Amount  of  PBD 

Size  of  droplets  (|am) 

Average  [±1  standard  deviation] 

(wt%) 

PBD  (Mn  =1,000) 

PBD  (Mn  =1,800) 

10 

5.5  [±3.1] 

5.6  [±3.1] 

20 

7.9  [±3.9] 

7.9  [±5.5] 

30 

10.7  [±3.7] 

13.8  [±6.3] 

The  phase  separated  morphology  was  also  investigated  with  scanning  electron 
microscopy  (SEM).  Polymerized  epoxy  containing  PBD  droplets  was  fractured  to  observe  the 
bulk  morphology,  followed  by  dipping  in  tetrahydrofuran  (THF)  to  extract  PBD  liquid  droplets, 
so  that  an  obvious  distinction  between  the  phase  separated  domain  and  the  matrix  could  be  made 
(figure  2.6). 


Figure  2.6  Scanning  electron  micrographs  of  fracture  plane  in  (a)  epoxy  matrix  and  epoxy 
with  10  wt%  of  PBD  (b)  before  and  (c)  after  extraction  by  THF. 


Phase-separated  PBD  domains  were  shown  as  spherical  holes  on  the  matrix  surface, 
which  represents  liquid  droplets  existing  after  matrix  polymerization  (figure  2.7).  SEM  images 
proved  successful  phase  separation  with  10  wt%  of  PBD  added  to  the  epoxy,  and  consequently  in 
consecutively  observed  phase  separated  domains  according  to  the  amount  of  PBD  addition. 

The  previous  self-healing  system  adopted  dicyclopentadiene  (DCPD)  as  a  healing  agent, 
which  is  encapsulated  by  a  urea-formaldehyde  shell  [24],  Thus,  the  possibility  for  inducing 
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DCPD  in  the  matrix  by  phase  separation  without  any  capsule  formation  is  also  investigated  in 
this  study.  The  fracture  plane  of  polymerized  epoxy  with  DCPD  was  observed  by  SEM 
according  to  the  amount  of  DCPD  after  THF  etching.  Phase-separated  droplets  were  only 
observed  at  30  wt%  of  DCPD  content,  while  there  was  not  obvious  phase  separated  morphology 
with  10  and  20  wt%  additions  (figure  2.8).  In  the  result,  more  than  a  30  wt%  addition  is  required 
to  induce  DCPD  in  the  form  of  phase  separated  liquid  droplets  in  an  epoxy  matrix,  which  is  a 
large  amount.  To  increase  incompatibility,  I  also  investigated  the  phase  separated  morphology 
of  DCPD  oligomer  which  has  3  repeating  units  of  the  monomer,  but  it  showed  almost  the  same 
behavior  as  the  monomer  case  according  to  the  amount  of  DCPD.  From  this  observation,  DCPD 
seems  not  to  be  as  promising  a  material  for  inducing  the  healing  agent  as  phase  separated  liquid 
droplets  without  encapsulation. 


Figure  2.7  Scanning  electron  micrographs  of  fracture  plane  in  epoxy  with  (a)  10  wt%,  (b)  20 


wt%,  and  (c)  30  wt%  of  PBD  (Mn  =1,000);  (d)  10  wt%,  (e)  20  wt%,  (f)  30  wt% 


of  PBD  ( Mn  =1,800)  after  extraction  by  THF. 


21 


Figure  2.8  Scanning  electron  micrographs  of  fracture  plane  in  epoxy  with  (a)  10  wt%,  (b)  20 
wt%,  and  (c)  30  wt%  of  DCPD  after  extraction  by  THF. 

2.3.2  Phase  Separation  Behavior  of  PDMS  in  Matrix 

A  curing  chemistry  based  on  PDMS  was  considered  for  the  new  self-healing  system 
because  of  the  very  low  solubility  of  PDMS  oligomers  in  most  materials.  Such  a  system  will 
rapidly  phase  separate,  yielding  the  desired  droplets  of  healing  agents  dispersed  in  a  polymer 
matrix.  The  healing  agent,  PDMS,  is  immiscible  with  the  epoxy  or  epoxy  vinyl  ester  matrix 
(DOW,  DERAKANE  510A-40)  we  used.  Through  vigorous  mixing,  these  healing  agents 
disperse  within  the  matrix.  The  phase  separated  PDMS  droplets  are  successfully  observed  by 
optical  microscopy  and  SEM  started  with  10  wt%  of  addition  (figure  2.9  and  2.10).  Phase 
separated  PDMS  domains  exists  in  the  form  of  liquid  droplets  in  epoxy  after  matrix 
polymerization,  so  it  can  be  used  as  healing  agent  in  the  case  of  damage.  The  size  of  the  phase 
separated  droplets  is  summarized  in  table  2.2. 


Table  2.2.  The  size  values  of  phase  separated  PDMS  droplets. 


Amount  of  PDMS 
(wt%) 

Size  of  droplets  (pm) 

Average  [±1  standard  deviation] 

10 

11.0  [±6.2] 

20 

12.8  [±9.4] 

30 

13.1  [±6.1] 
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Figure  2.9  Optical  microscopic  images  of  epoxy  with  (a)  10  wt%,  (b)  20  wt%,  and  (c)  30 


wt%  of  PDMS  (DOW,  SYLGARD184). 


Figure  2.10  Scanning  electron  micrographs  of  fracture  plane  in  epoxy  with  (a)  10  wt%,  (b)  20 


wt%,  and  (c)  30  wt%  of  PDMS  (DOW,  SYLGARD184). 

2.3.3  PDMS  Solubility  in  Epoxy  Vinyl  Ester  Matrix 

Prior  to  testing  of  the  self-healing  composite  system,  several  processing  variables  were 
investigated.  First,  elemental  analysis  was  used  to  confirm  the  immiscibility  of  the  healing  agent 
in  the  prepolymer.  The  vinyl  ester  prepolymer  was  vigorously  mixed  with  HOPDMS,  PDES, 
and  adhesion  promoter,  and  subsequently  placed  in  a  centrifuge  to  separate  the  prepolymer  and 
dissolved  adhesion  promoter  from  the  healing  agents.  The  silicon  content  of  the  resulting 
prepolymer  phase  was  almost  the  same  as  for  a  control  sample  consisting  of  a  mixture  of 
prepolymer  and  adhesion  promoter  (table  2.3).  The  elemental  analysis  proves  the  solubility  of 
healing  agent  is  very  low  in  epoxy  vinyl  ester  matrix,  so  it  induces  successful  phase  separation. 
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Table  2.3.  Elemental  analysis  of  separated  prepolymer  phase  and  control  samples. 


Element 

A 

[epoxy  vinyl  ester  + 
adhesion  promoter] 

B 

[HOPDMS  +PDES] 

C 

[epoxy  vinyl  ester  + 
adhesion  promoter)  + 
(HOPDMS+PDES)] 

Trial  1 
(Si28) 

Trial  2 
(Si29) 

Trial  1 
(Si28) 

Trial  2 
(Si29) 

Trial  1 
(Si28) 

Trial  2 
(Si29) 

C 

62.44 

62.83 

32.38 

32.21 

60.21 

59.28 

H 

5.52 

5.60 

8.10 

8.19 

5.51 

5.33 

N 

0.44 

0.27 

0.19 

0.42 

0.30 

0.19 

Si 

- 

0.138 

23.92 

24.85 

- 

0.166 

2.4  Catalyst  Microencapsulation 

2. 4. 1  Interfacial  Polymerization 

The  DBTL-Sn  catalyst  is  contained  within  microcapsules  formed  through  interfacial 
polymerization,  sequestering  the  catalyst  from  the  PDMS  healing  agent.  The  interfacial 
polymerization  of  the  polyurethane  shell  effectively  avoids  the  aggregation  of  microcapsules 
[34-37],  In  addition,  it  enables  shell  thickness  control  by  changing  the  volume  ratio  of  core  and 
pre-polymer  components  and  high  yield.  The  microcapsules  consist  of  a  polyurethane  shell 
surrounding  a  DBTL-Sn  chlorobenzene  mixture.  The  manufacturing  process  details  are 
described  in  the  experimental  section. 

Polyurethane  microencapsulation  is  composed  of  two-step  polymerization.  Urethane 
prepolymer  is  first  synthesized  by  toluene  2,4-diisocyanate  (TDI)  and  1 ,4-butanediol  in 
cyclohexanone  (figure  2.  11).  The  molecular  weight  of  synthesized  urethane  prepolymer  was 
1,270  for  number  average  ( Mn  )  and  1,690  for  weigh  average  ( Mw  )  by  gel  permeation 
chromatograph  (GPC),  so  poly-dispersity  index  (PDI)  of  prepolymer  was  1.33. 
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Figure  2.11  Reaction  schemes  for  synthesis  of  urethane  prepolymer. 

The  second  step  is  the  catalyst  encapsulation  using  interfacial  polymerization  with 
synthesized  urethane  pre-polymer  and  ethylene  glycol  (EG)  as  a  chain  extender  (figure  2.12). 
Liquid  droplets  of  dissolved  catalyst  in  chlorobenzene  are  stabilized  by  a  suspending  agent  under 
mechanical  stirring.  Here  the  size  of  liquid  droplets  and  final  microcapsules  is  determined  by 
mechanical  stirring  speeds.  To  increase  the  molecular  weigh  of  urethane  prepolymer,  a  chain 
extender  is  added  into  the  solution  during  the  polymerization  reaction.  Polyurethane  shell  is 
finally  formed  at  the  interface  between  aqueous  phase  and  organic  phase,  so  that  the 
microcapsule  contains  a  liquid  mixture  of  tin  catalyst  and  solvent  (figure  2.13). 
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Figure  2.12  Reaction  schemes  for  encapsulation  using  interfacial  polymerization. 
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Figure  2.13  Schematics  of  interfacial  polymerization  for  catalyst  microencapsulation. 


2.4.2  Characterization  of  Microcapsules 

Synthesized  microcapsules  were  investigated  by  both  scanning  electron  microscopy 
(SEM)  and  optical  microscopy  (figure  2.14).  From  the  result,  it  was  pronounced  that 
microcapsules  successfully  contained  catalyst  containing  liquid  droplets  with  a  clean  outer 
surface. 

Size  distributions  of  the  phase  separated  droplets  and  catalyst  containing  microcapsules 
were  determined  through  SEM  and  optical  microscopy.  Phase  separated  droplets  of  healing 
agent  are  created  by  vigorous  mixing  of  vinyl  ester  prepolymer  with  adhesion  promoter, 
HOPDMS,  and  PDES.  The  diameter  of  the  phase  separated  droplets  after  mechanical  stirring  at 
600  rpm  ranged  from  1-20  pm  (figure  2.15).  The  droplet  size  was  not  a  strong  function  of 
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stirring  rate,  and  did  not  change  significantly  when  samples  were  stirred  between  100  and  2000 
rpm  (table  2.4). 


Figure  2.14  Microscopic  images  of  synthesized  microcapsules:  (a)  Optical  microscope  image 


of  catalyst  containing  microcapsules  and  (b)  SEM  image  of  a  representative 
microcapsule  showing  its  smooth,  uniform  surface. 


Figure  2.15  Fractured  surface  of  self-healing  polymer  composite  with  phase  separated  healing 
materials  and  broken  microcapsule. 
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Table  2.4.  The  size  values  of  phase  separated  PDMS  droplets  according  to  the  mechanical 
stirring  speeds. 


Stirring  speeds  (r.p.m.) 

Size  of  droplets  (pm) 

Average  [±1  standard  deviation] 

100 

11.9  [±4.7] 

500 

16.9  [±7.8] 

1000 

13.1  [±5.8] 

2000 

17.1  [±8.2] 

Previously,  it  was  reported  that  the  size  of  microcapsules  was  successfully  changed  by 
the  mechanical  stirring  speeds  during  urea- formaldehyde  microencapsulation  with  DCPD  [28], 
In  this  thesis,  the  size  of  catalyst  containing  microcapsules  can  be  also  effectively  changed  by  the 
mechanical  stirring  speeds  during  the  interfacial  polymerization.  The  average  diameter  of  the 
DBTL-Sn  catalyst  containing  microcapsules  was  a  strong  function  of  stirring  rate  and  ranged 
from  50  to  450  pm  according  to  the  stirring  speeds  (figure  2.16).  Each  size  of  microcapsules  can 
be  separated  by  mechanical  sieve  after  vacuum  filtration  and  air  dry.  The  size  of  microcapsules 
can  be  controlled  by  mechanical  stirring  speed  but  average  microcapsule  diameter  in  the 
experiments  was  selected  to  be  from  150  to  200  pm.  The  ability  to  control  the  size  of  the  various 
components  enables  us  to  tailor  the  self-healing  system  to  both  thin  and  thick  layer  systems. 

Control  test  in  which  PDMS  was  mixed  with  the  content  of  ruptured  microcapsules 
revealed  that  significant  catalytic  activity  was  retained  after  encapsulation.  In  ex  situ  tests, 
mechanically  fractured  microcapsules  effectively  cured  the  PDMS  healing  agent,  while  intact 
microcapsules  were  not  catalytically  active  in  the  case  of  mixing  with  the  PDMS  healing  agent, 
indicating  little  or  no  catalyst  was  present  on  the  exterior  of  the  microcapsules. 
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Figure  2.16  Diameter  of  catalyst  containing  microcapsules  (shown  with  standard  deviation)  as 


a  function  of  stirring  speed.  The  insert  shows  an  optical  microscope  image  of 


microcapsules  formed  at  1000  rpm. 


We  investigated  the  thermal  properties  of  micro-capsules  by  thermogravimetric  analysis 
(TGA).  As  shown  in  figure  2.17,  no  weight  change  occurred  up  to  the  boiling  point  of 
chlorobenzene  (131-132  °C)  (contained  within  the  microcapsules).  The  higher  temperature  flat 
region  in  the  curve  corresponds  to  the  pyrolysis  of  urethane  shell  material.  Thus,  we  estimate  the 
synthesized  microcapsules  do  not  rapidly  leak  below  the  boiling  point  of  the  solvent  and  should 
have  good  thermal  stability  under  common  working  environments.  In  addition,  the  fill  content  of 
the  liquid  mixture  of  tin  catalyst  and  chlorobenzene  in  the  microcapsules  is  about  85%  in  TGA 
analysis. 
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Boiling  point  of  chlorobenzene 


2.5  Surface  Morphology  of  Fractured  Self-healing  Polymer  Composite 

Phase  separated  PDMS  liquid  droplets  and  microencapsulated  tin  catalyst  are 
successfully  embedded  in  epoxy  vinyl  ester  matrix,  which  consists  of  the  self-healing  polymer 
composites.  The  fracture  surface  of  the  composite  before  healing  reaction  obtained  by  SEM 
showed  that  broken  empty  microcapsules  and  voids,  which  represents  presence  of  liquid  phase  of 
catalyst  and  PDMS  healing  agent  (figure  2.18-a).  The  thickness  of  urethane  shell  wall  was  about 
8—10  pm  by  SEM  observation  (figure  2.18c-d).  Polymerized  PDMS  was  observed  on  the 
fracture  surface  after  healing  reaction,  which  represents  the  successful  healing  reaction  of  the 
self-healing  composite  (figure  2.18-d). 
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Figure  2.18  Fracture  surface  of  self-healing  polymer  composite,  (a)  Empty  microcapsule  and 
voids  left  by  the  phase  separated  healing  agent  before  healing  reaction;  (b)  Broken 
microcapsule  and  voids  left  by  the  phase  separated  healing  agent  before  healing 
reaction;  (c)  Broken  microcapsule;  (d)  Cured  PDMS  layer  after  healing  reaction. 

2.6  Fracture  Test  of  Self-healing  Composite 

2.6.1  Tapered  Double-Cantilever-Beam  (TDCB)  Test 

The  performance  of  the  self-healing  composite  was  assessed  via  a  fracture  test  protocol 
established  previously  by  White  et  al.  [24,  38],  This  test  utilizes  a  tapered  double  cantilever 
beam  (TDCB)  sample  (figure  2.19),  which  ensures  controlled  crack  growth  along  the  centerline 
of  the  brittle  specimen  and  provides  a  crack  length  independent  measure  of  fracture  toughness 
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for  both  virgin  and  healed  materials  [39-41],  The  healing  efficiency  (77)  is  calculated  using  the 
protocol  established  by  White  et  al. [24,25]  as 


where  KIC]  ^  is  the  experimentally  determined  mode-I  critical  stress  intensity  of  the  healed 


specimen  and  KIC  is  the  critical  stress  intensity  of  the  virgin  specimen.  P.  ( is  the  critical 


fracture  load  of  the  healed  specimen  and  Pr  is  the  critical  fracture  load  of  the  virgin  specimen. 

±  c virgin  ^  ± 


Figure  2.19  Tapered-double-cantilever-beam  geometry  based  on  modification  to  the  geometry. 
All  dimensions  in  mm.  Figure  adapted  from  ref.  [42,  43], 


In  the  preliminary  testing  the  healing  ability  of  the  PDMS  self-healing  system  was 
confirmed  by  small  scale  screening  tests.  Subsequently,  we  have  confirmed  the  healing 
efficiency  of  PDMS  system  by  TDCB  fracture  toughness  testing.  Fully  in  situ  samples  were 
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prepared  of  the  self-healing  composite  as  well  as  control  samples  in  which  the  PDMS  solution 
was  manually  coated  on  the  broken  surface  of  epoxy  vinyl  ester  containing  the  adhesion 
promoter.  The  control  tests  removed  the  variables  associated  with  delivery  of  phase  separated 
healing  agent  and  microencapsulated  catalyst,  while  in  situ  samples  contained  both  the  phase- 
separated  PDMS  healing  agent  and  the  microencapsulated  organotin  catalyst,  enabling  the 
samples  to  self-heal  after  fracture.  Load-displacement  curve  for  in  situ  samples  which  are  cured 
at  room  temperature  reveals  that  the  fracture  behavior  of  polymer  composite  is  nonlinear  elastic. 
However,  it  shows  linear  load-displacement  curve  and  higher  maximum  load  value  after  post 
curing  at  50  °C  (figure  2.20). 


Figure  2.20  Load-displacement  curves  of  virgin  TDCB  samples  with  (1,  black)  and  without  (2, 
red)  post  curing  at  50  °C.  Test  sample  contains  4  wt%  adhesion  promoter,  12  wt% 
PDMS,  and  3.6  wt%  microcapsules. 
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To  reduce  the  amount  of  healing  components,  we  used  localized  TDCB  sample  which  is 
made  of  central  core  containing  the  healing  components  surrounded  by  a  blank  matrix  part  [44], 
During  the  test  process,  we  could  observe  that  liquid  was  released  on  the  fractured  surface  of 
TDCB  sample  (figure  2.21). 
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Figure  2.21  Optical  microscopic  images  of  virgin  sample  with  TDCB  geometry  according  to 
the  crack  propagation.  Arrow  represents  the  position  of  propagated  crack  [44], 

In  situ  samples  consisting  of  phase-separated  PDMS  healing  agent  and 
microencapsulated  DBTL  catalyst  dispersed  in  the  cured  vinyl  ester  matrix  initially  showed  low, 
but  non-zero  healing  after  mechanical  damage.  Post-fracture  analysis  of  these  specimens 
revealed  that  low  rj  was  a  result  of  poor  inherent  adhesion  of  PDMS  to  the  matrix.  The  adhesion 
promoter  methylacryloxy  propyl  triethoxy  silane  (CnFBeOsSi)  was  added  to  the  matrix  to 
improve  bond  strength.  A  control  experiment  was  introduced  to  study  the  effect  of  the  adhesion 
promoter  on  fracture  behavior  (adhesive  vs.  cohesive  failure)  without  the  variables  associated 
with  delivery  of  phase  separated  healing  agent  and  microencapsulated  catalyst.  Control  samples 
were  healed  by  injecting  a  solution  of  pre-mixed  healing  agent  and  catalyst  into  the  crack  plane 
of  fully  fractured  samples.  As  shown  in  Figure  2.22-a,  the  addition  of  adhesion  promoter  more 
than  doubled  the  77  of  the  control  samples.  Experiments  were  then  performed  on  the  in  situ 
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system  with  adhesion  promoter  added.  Fracture  test  results  show  that  the  self-healing  system 
and  control  samples  attain  similar  levels  of  7  (figure  2.22-b),  indicating  that  self-healing  was 
equally  effective  as  manually  mixing  and  injecting  the  PDMS  and  bonding  the  crack  closed.  A 
range  of  healing  agent,  microcapsule  and  adhesion  promoter  concentrations  was  investigated 
(table  2.5),  with  the  maximum  7  for  the  in  situ  healed  samples  achieved  for  samples  containing 
12wt%  PDMS,  4wt%  adhesion  promoter,  and  3.6wt%  microcapsules. 

Also  apparent  from  figure  2.22,  the  critical  load  to  fracture  of  the  virgin,  in  situ  self- 
healing  system  (4)  is  significantly  greater  than  for  the  neat  vinyl  ester  matrix  used  for  the  control 
experiments  (1).  Thus,  the  inclusion  of  phase  separated  healing  agent  and  microcapsules  of 
catalyst  increases  the  toughness  of  the  vinyl  ester  matrix.  For  the  concentrations  corresponding 
to  the  results  in  figure  2.22-b,  the  increase  in  mode-I  fracture  toughness  is  approximately  88% 
based  on  the  critical  load  at  fracture.  In  addition,  while  both  the  virgin  in  situ  and  control  tests 
exhibit  characteristically  linear  (brittle)  fracture  behavior,  the  fracture  of  healed  samples  is  a  non¬ 
linear  deformation  and  failure  process,  fortuitously  absorbing  additional  energy  in  the  fracture 
process.  The  increased  fracture  toughness  of  the  matrix  does,  however,  lead  to  lower  effective  7. 
Relative  to  the  original  vinyl  ester  matrix,  7  as  high  as  46%  are  achieved. 

Although  the  7  reported  in  table  2.5  are  lower  than  obtained  by  White  et  al.  for  a  self- 
healing  epoxy  based  on  Grubbs  catalyst  and  encapsulated  DCPD  healing  agent  [20],  this  new 
PDMS  based  materials  system  still  holds  great  promise.  Low  7  are  to  be  expected  given  the 
PDMS  has  significantly  lower  stiffness  and  fracture  toughness  than  the  matrix  material.  In  many 
applications,  however,  simply  filling  or  sealing  the  crack  from  harsh  environments  is  as 
important  as  recovering  full  fracture  strength  in  the  test  protocol.  For  example,  the  PDMS  based 
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healing  system  has  potential  for  healing  surface  cracks  or  scratches  in  protective  coatings  used  in 
corrosive  environments. 


1  60 


D  isplacem  ent  (pm  ) 

Figure  2.22  Load-displacement  curves  of  TDCB  samples:  a)  virgin  sample  (1,  black),  and 
injection-healed  sample  with  (2,  red)  and  without  (3,  blue)  adhesion  promoter;  b) 
first  fracture  of  sample  containing  4  wt%  adhesion  promoter,  12  wt%  PDMS,  and 
3.6  wt%  microcapsules  (4,  black)  and  after  self-healing  (5,  blue).  The  injection- 
healed  sample  (2,  red)  with  adhesion  promoter  is  shown  again  for  comparison. 
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Table  2.5.  Average  maximum  load  of  self-healed  vinyl  ester.  One  standard  deviation  in 


square  brackets. 


Composition" 

Fracture  load 
(N) 

Healing 
efficiency 
(%)  ' 

PDMS 

(wt%) 

Adhesion  promoter 
(wt%) 

Micro-capsule 

(wt%) 

8 

4 

2.4 

14  [3] 

9  [2] 

5.0 

9  [5] 

6  [3] 

2 

3.6 

14  [2] 

9  [1] 

12 

4 

3.6 

37  [7] 

24  [4] 

8 

3.6 

28  [5] 

19  [4] 

2.4 

21  [1] 

14  [1] 

15 

4 

4.5 

37  [3] 

24  [3] 

[a]  remainder  is  vinyl  ester. 


2. 6.2  Self-healing  under  Water  Environments 

Healing  under  real-world  conditions,  for  example  in  the  presence  of  water  is  considerably  more 
complex  than  in  the  laboratory  frame.  The  effect  of  water  on  self-healing  was  examined  by  a 
simple  experiment  in  which  a  TDCB  sample  was  fractured,  immersed  in  water  prior  to  bringing 
the  two  sides  together,  and  then  healed  under  water.  This  sample  was  compared  to  samples 
healed  in  air  under  high  (>90%)  and  low  (10%)  relative  humidity  (RH).  The  fracture  load  of  the 
sample  healed  under  water  decreased  only  ~25%  with  respect  to  the  other  samples  (figure  2.23), 
even  though  the  system  has  not  yet  been  optimized  for  healing  under  water. 
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Figure  2.23  Load-displacement  curves  of  TDCB  samples  containing  4  wt%  adhesion 
promoter,  12  wt%  PDMS,  and  3.6  wt%  microcapsules  healed  in  air  at  low  relative 
humidity  (1,  black),  in  air  at  high  relative  humidity  (2,  red),  and  immersed  in 
water  (3,  blue). 

2.7  Conclusions 

In  this  chapter,  the  manufacturing  method  for  catalyst  containing  microcapsules  and 
phase  separated  PDMS  healing  agent  in  epoxy  vinyl  ester  matrix  was  described.  These 
components  consist  of  a  new  self-healing  materials  system.  Moreover,  we  proved  that  the 
interfacial  polymerization  of  polyurethane  shell  is  very  effective  to  synthesize  the  catalyst 
containing  microcapsules  with  spherical  shape  and  good  heat  stability.  The  fracture  test  with 
TDCB  sample  geometry  showed  that  the  self-healing  polymer  composite  has  good  healing 
property  even  under  water  environments.  Consequently,  we  created  a  chemically  stable  self- 
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healing  composite  based  on  the  tin-catalyzed  polycondensation  of  phase-separated  droplets 
containing  HOPDMS  and  PDES.  This  system  possesses  a  number  of  important  advantages  over 
the  previous  self-healing  methodology,  including  a)  the  healing  chemistry  remains  viable  in 
humid  or  wet  environments;  b)  the  chemistry  is  stable  to  an  elevated  temperature  (>  100  °C), 
enabling  healing  in  higher-temperature  thermoset  systems.  The  thermal  stability  of  the  self- 
healing  composite  was  tested  with  the  post  cured  TDCB  specimens  at  100  °C  for  24  hours  in  a 
convection  oven.  The  polycondensation  of  HOPDMS  and  PDES  without  catalyst  occurs  from 
150  °C  in  bulk  mixing  experiments;  c)  the  components  are  widely  available  and  comparatively 
low  in  cost.  The  price  of  the  previous  system  is  $53.5/g  for  Grubbs  catalyst  and  $0.14/g  for 
DCPD  (Aldrich)  and  this  system  is  $0.46/g  for  DBTL  and  $0.1 6/g  for  PDMS  (Gelest);  d)  the 
concept  of  phase  separation  of  the  healing  agent  greatly  simplifies  processing,  as  the  healing 
agent  can  now  be  simply  mixed  into  the  polymer  matrix. 

The  materials  system  presented  in  this  thesis  greatly  extends  the  capability  of  self-healing 
polymers  by  introducing  a  new,  environmentally  stable  healing  chemistry  and  demonstrating  the 
concept  of  phase-separated  healing  agents  in  a  structural  polymer  matrix.  Phase  separation  of 
the  healing  agent  is  an  approach  that  may  be  applicable  to  a  broad  class  of  new  healing 
chemistries  for  structural  polymers,  and  stability  to  water  and  air  significantly  increases  the 
probability  that  self-healing  could  be  extended  to  coatings  and  thin  films  in  harsh  environments. 

2.8  Experimental 

2. 8. 1  Microcapsule  Synthesis 

The  urethane  prepolymer  was  synthesized  through  the  reaction  of  toluene  2,4- 
diisocyanate  (TDI,  Aldrich,  22.0  g,  melting  point,  mp=  19.5-21.5  °C)  and  1 ,4-butanediol  (5.0  g) 
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in  cyclohexanone  (142  g,  boiling  point,  bp760  =  155.6  °C)  at  80  °C  for  24  h.  The  solution  of 
TDI  and  cyclohexanone  was  first  mixed  and  allowed  to  react  under  mechanical  stirring  in  a 
round-bottomed  flask.  1 ,4-butanediol  was  then  added  at  5  mLmin-1  using  a  syringe  pump  while 
stirring.  To  avoid  formation  of  a  gel  during  microencapsulation,  the  molar  ratio  of  TDI  to  1,4- 
butandediol  was  kept  below  2.3.  The  cyclohexanone  was  evaporated  under  vacuum  at  100  °C. 
The  synthesized  urethane  prepolymer  had  excess  isocyanate  functional  groups,  which  could  be 
reacted  to  form  a  higher-molecular-weight  polymer  through  the  use  of  a  chain  extender.  The 
amount  of  chain  extender  added  was  determined  by  titration  of  the  isocyanate  functional  group  in 
urethane  prepolymer  following  ASTM  D2572-97.  To  form  the  tin  catalyst-containing  urethane 
microcapsules,  the  urethane  prepolymer  (3.0  g)  and  DBTL  (Gelest,  1  g)  were  dissolved  in  32  g 
chlorobenzene  and  added  to  28.8  g  of  a  water  solution  containing  15  wt%  gum  Arabic  (Aldrich, 
suspending  agent).  After  the  mixture  was  stirred  for  30  min  at  70  °C,  30  wt%  (relative  to  the 
urethane  prepolymer)  of  ethylene  glycol  (chain  extender)  was  added  into  the  solution  at  5 
mLmin *.  Spherical  microcapsules  containing  dissolved  DBTL  in  chlorobenzene  with  smooth 
surfaces  were  obtained  after  2  h  at  70  °C  with  mechanical  stirring  at  1000  rpm. 

2. 8. 2  Vinyl  Ester  Matrix  Polymerization  and  Sample  Formation 

The  specific  self-healing  polymer  composite  described  in  this  thesis  consisted  of  phase-separated 
liquid  droplets  of  the  PDMS-based  healing  agent  and  DBTL-catalyst-containing  microcapsules 
dispersed  in  a  mixture  of  vinyl  ester  (DOW  DERAKANE  5 10A-40)  and  adhesion  promoter.  The 
vinyl  ester  was  cured  using  benzoylperoxide  (BPO)  and  dimethylaniline  (DMA)  as  the  initiator 
and  activator,  respectively.  1  wt%  BPO  was  dissolved  in  the  prepolymer.  After  the  BPO  was 
completely  dissolved,  the  mixture  of  HOPDMS  and  PDES  was  added  into  the  prepolymer  with 
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mechanical  stirring,  followed  by  degassing  under  vacuum.  The  microcapsules  containing  DBTL 
were  then  mixed  with  the  degassed  solution  and  0.1  wt%  DMA,  followed  by  a  final  degassing. 
This  mixture  was  poured  into  a  closed  silicone  rubber  mold  and  cured  for  24  h  at  room 
temperature.  The  sample  was  then  cured  at  50  °C  for  another  24  h. 


2. 8. 3  Fracture  Testing  and  Healing  Efficiency 

After  preparation  of  TDCB  specimens,  a  sharp  pre-crack  was  created  by  gently  tapping  a 
razor  blade  into  the  molded  starter  notch  in  the  samples.  All  fracture  specimens  were  tested 
under  displacement  control,  using  pin  loading  and  5  pm/s  displacement  rate.  Samples  were 
tested  to  failure,  measuring  compliance  and  peak  load.  Samples  were  unloaded,  allowing  the 
crack  faces  to  come  back  into  contact,  and  healed  in  this  state  for  24  hours  at  50  °C.  Using  the 
protocol  established  by  White  et  al. [24,25],  healing  efficiency  (rj)  is  calculated  as 


where  KlCh  ^  is  the  experimentally  determined  mode-I  critical  stress  intensity  of  the  healed 


specimen  and  Krr  is  the  critical  stress  intensity  of  the  virgin  specimen.  P  is  the  critical 

1  virgin  J  O  1  chealed 


fracture  load  of  the  healed  specimen  and  Pc  is  the  critical  fracture  load  of  the  virgin  specimen. 


The  healing  efficiency  and  standard  deviation  are  calculated  from  a  minimum  of  five  fracture 
tests  (Table  2.2). 


2.8.4  Fracture  Testing  of  the  Samples  Healed  under  Water  Environments 

The  preparation  and  first  fracture  of  TDCB  samples  tested  under  humid  and  wet  states 
were  performed  by  the  same  methods  as  the  dry  state.  A  set  of  fractured  TDCB  samples  were 
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immersed  into  a  water  bath  for  -30  sec  and  reassembled  in  air  without  drying  the  samples.  The 
reassembled  samples  were  submerged  back  into  the  water  bath,  which  was  then  placed  into  an 
oven  for  24  hours  at  50  °C.  Another  set  of  fractured  TDCB  samples  were  reattached  in  air  and 
separately  healed  in  same  the  oven  for  24  hours  at  50  °C  to  determine  the  effect  of  healing  under 
high  humidity.  The  healed  specimens  were  tested  to  failure  following  the  standard  procedure. 
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CHAPTER 3 


LOW  TEMPERATURE  SELF-HEALING 


In  most  previous  experiments,  samples  were  healed  at  50  °C,  which  although  sufficient  to 
demonstrate  the  principle  of  self-healing  system,  may  be  prohibitive  for  many  real-world 
situations.  To  improve  the  healing  property  of  the  self-healing  system  at  room  temperature,  and 
potentially  even  below  room  temperature,  we  investigated  a  highly  effective  new  organotin 
catalyst  for  the  polycondensation  of  HOPDMS  with  PDES,  as  well  as  optimized  the  viscosity  of 
PDMS  healing  agent  for  better  transport  to  the  crack  plane  in  this  chapter. 

3.1  Viscosity  of  PDMS  Healing  Agent 

The  focus  in  this  chapter  is  to  modify  the  self-healing  system  so  that  higher  healing 
efficiencies  can  be  achieved  at  room  temperature,  without  losing  many  of  the  advantageous 
properties  of  the  current  system.  One  approach  to  accomplish  this  is  to  reduce  the  viscosity  of 
the  healing  agent.  The  bulk  chemistry  of  PDMS  poly-condensation  works  at  room  temperature, 
and  if  we  reduce  the  viscosity  of  the  PDMS  precursor  for  better  transport  properties,  it  should 
translate  to  better  healing  efficiencies  at  low  temperature.  As  a  reference,  average  maximum 
loads  from  monotonic  fracture  testing  of  control  and  in  situ  TDCB  samples  (the  systems  are 
described  in  chapter  2),  containing  a  PDMS  healing  agent  (S45)  with  a  viscosity  value  of  40,000 
cP,  are  summarized  in  table  3.1.  The  control  sample  is  epoxy  vinyl  ester  matrix  with  4  wt% 
adhesion  promoter.  The  in  situ  sample  is  composed  of  matrix,  4  wt%  adhesion  promoter,  12 
wt%  PDMS,  and  3.6  wt%  catalyst  containing  microcapsules.  As  this  data  shows,  the  efficiency 
of  the  healing  decreases  significantly  as  the  temperature  is  reduced. 
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Table  3.1.  Average  maximum  load  for  control  and  in  situ  samples  according  to  temperature. 


„  control  sample  In  situ  sample 

Temp.  (C) - 

Average  Maximum  Load  (N)  [±  1  standard  deviation] 

RT  (20)  21  [±1]  5  [±3] 

30  30  [±5]  17  [±13] 

50  41  [±4]  37  [±7] 


In  order  to  achieve  better  self-healing  efficiency  at  low  temperatures,  we  have  turned  our 
attention  to  lower  viscosity  healing  agents  for  improved  fluid  diffusion  and  mixing  with  catalyst. 
Specifically,  two  commercially  available  PDMS  healing  agents  have  been  investigated:  S42  and 
S3  5  from  Gelest  with  viscosities  of  14,400  cP  and  4,000  cP,  respectively.  Generally,  the  lower 
viscosity  PDMS  may  have  a  possible  problem  of  unsuccessful  phase  separation  with  matrix 
material,  because  it  also  has  lower  molecular  weight.  However,  we  confirmed  successful  phase 
separation  of  two  lower  viscosity  PDMS  candidates  by  SEM  (figure  3.1).  The  size  of  the  phase 
separated  droplets  is  decreased  as  the  molecular  weight  of  PDMS  healing  agent  decreases  (table 
3.2).  In  the  result,  the  average  size  of  phase  separated  droplets  with  S35  was  also  smaller  than 
the  size  of  droplets  with  original  PDMS  healing  agent  (S45  in  table  2.2)  and  S42. 


Figure  3.1  Fractured  surface  of  composite  of  phase  separated  PDMS  healing  materials,  (a) 


S42  (viscosity  14,000  cP)  and  (b)  S3  5  (viscosity  4,000  cP),  with  epoxy  vinyl  ester 
matrix. 
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Table  3.2.  The  size  values  of  phase  separated  PDMS  droplets. 


PDMS 

Viscosity  (cP) 

Molecular 

Weight 

Size  of  droplets  (pm) 

Average  [±1  standard  deviation] 

S42 

S35 

14,000 

4,000 

77,000 

49,000 

15.9  [±10.2] 

9.8  [±4.8] 

In  the  monotonic  TDCB  tests  with  healing  at  30  °C  ,  the  lower  molecular  weight  PDMS 
healing  agent  displays  better  healing  efficiency  than  the  original  high  viscosity  agent  at  the  same 
temperature  (figure  3.2). 


Figure  3.2  Result  from  monotonic  fracture  tests  with  TDCB  geometry  for  virgin  samples  and 
fractured  samples  healed  at  30  °C  with  a)  S42  (viscosity  14,000  cP)  and  b)  S35 
(viscosity  4,000  cP). 


In  order  to  screen  the  optimum  viscosity  value,  the  preliminary  test  was  performed  by 
breaking  and  healing  small  scale  bullet  samples  test  with  lower  viscosity  PDMS  healing  agents. 
The  experimental  details  for  the  small  scale  bullet  sample  test  are  described  in  experimental 
section.  Commercially  available  PDMS  healing  agents  with  various  viscosity  values  were  used 
in  this  test.  The  healing  property  of  the  bullet  sample  test  was  evaluated  by  manually  testing  the 
adhesion  strength  of  healed  samples.  The  bullet  sample  test  healed  at  room  temperature  showed 
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very  promising  result.  Also,  the  test  result  shows  that  the  healing  agent  with  intermediate 
viscosity  seems  to  have  better  healing  property  than  the  lowest  one.  This  result  was  verified  by 
the  TDCB  fracture  toughness  test.  The  maximum  load  of  self-healed  samples  was  compared  with 
TDCB  geometry  according  to  the  viscosity  values  of  the  PDMS  healing  agent  (Table  3.3).  In  the 
result,  the  healing  property  of  the  self-healing  composite  was  improved  by  reducing  the  viscosity 
of  the  healing  agent,  and  had  the  optimum  viscosity  range  around  1,600-2,400  cP  However,  the 
PDMS  healing  agent  with  too  low  molecular  weight,  less  than  4,000,  did  not  successfully  heal 
the  damage  because  the  healing  agent  was  not  properly  included  in  matrix  due  to  layered  phase 
separation.  The  healing  agents  mixed  with  the  matrix  under  mechanical  stirring  and  they  exist  as 
the  phase  separated  liquid  droplets  in  the  matrix  after  the  matrix  polymerization.  However,  the 
healing  agent  with  the  too  low  molecular  weight  was  formed  on  top  of  the  matrix  layer  in  the 
form  of  liquid  layer  after  matrix  polymerization. 


Table  3.3.  Maximum  load  of  self-healed  samples  with  various  viscosity  PDMS  by  TDCB  test. 


PDMS 

Viscosity 

Molecular 

%  Hydroxyl  group 

Maximum  load  of  healed  specimen 

(cP) 

weight 

(OH) 

RT 

30°C 

S12 

13-26 

400-700 

4. 5-7. 5 

No  healing  (layered  phase  separation) 

S15 

36-68 

2,000-3,500 

0. 9-1.2 

No  healing  (layered  phase  separation) 

S27 

560-640 

18,000 

0.2 

16  N 

21  N 

S32 

1,600 

36,000 

0.09 

15  N 

29  N 

S35 

4,000 

49,000 

0.07 

17  N 

29  N 

S42 

14,400 

77,000 

0.04 

10N 

15  N 

S45 

(original) 

40,000 

110,000 

0.03 

5  N 

17  N 
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3.2  Catalytic  Activity 

To  further  improve  the  PDMS  self-healing  system,  we  investigated  other  commercially 
available  organotin  catalysts  with  better  catalytic  activity  than  the  current  catalyst  to  determine  if 
that  would  result  in  better  healing  due  to  the  more  effective  reaction  at  low  temperature.  Thus, 
the  combination  of  lower  viscosity  healing  agent  and  a  more  effective  catalyst  should  take  us 
closer  to  the  optimized  low  temperature  PDMS  self-healing  system.  The  original  organotin 
catalyst,  DBTL-Sn,  has  long  ligand  chains  (more  that  30  total  carbon  atoms)  attached  to  the  tin 
atom.  For  better  catalytic  activity,  we  investigated  other  organotin  catalysts  which  have  shorter 
ligand  chains  than  the  current  organotin  catalyst  or  contain  tin  (II)  rather  than  tin  (IV)  (figure 
3.3).  Basically,  the  number  of  carbon  atoms  in  the  alkyl  and  ester  groups  bonded  to  the  tin  atom 
is  reciprocally  proportional  to  the  catalytic  activity  according  to  Shah’s  research  [1,2]. 


Figure  3.3  Chemical  structures  for  original  catalyst  a)  DBTL-Sn  (C32H6404Sn,  M.W.  631.55) 
and  new  versions  of  organotin  catalysts  b)  DMDN-Sn  (C22H44C>4Sn,  M.W. 
491.29),  c)  DBBE-Sn  (C24H4804Sn,  M.W.  519.34)  and  d)  Tin-II  (C36H6604Sn, 
M.W.  680.69). 
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In  this  study,  we  have  successfully  synthesized  microcapsules  containing  three  kinds  of 
new  organotin  catalysts  as  shown  in  figure  3.4.  For  these  catalysts,  dimethyldineodacanoate  tin 
has  a  shorter  alkyl  chain  and  di-n-butyl  bis(2-ethylenehexanoate)  tin  has  a  shorter  ester  chain 
than  the  original  catalyst.  Furthermore,  tin  II  oleate  is  Sn2+  type  catalyst  rather  than  Sn4+.  Thus, 
we  expect  that  they  may  be  more  effective  than  the  original  catalyst.  So,  in  the  next  phase  of 
research  we  investigated  the  healing  efficiency  of  epoxy  vinyl  ester  systems  with  various  types 
of  lower  viscosity  PDMS  precursors  and  more  effective  catalyst  containing  microcapsules  for 
room  temperature  self-healing. 


DIMETHYLDINEO- 

DECANOATETIN 

(DMDN-Sn) 

C22H44O4S  n , 

M.W.  491.29 


DI-n-BUTYLBIS(2- 

ETHYLHEXANOATE)TIN 

(DBBE-Sn) 

^24^4804Sn, 

M.W.  519.34 


Tin  II  Oleate,  85% 
(Tin  II) 

^36^66^4^  n’ 

contains  free  oleic  acid 
M.W.  680.69 


Figure  3.4  Optical  microscopic  images  of  synthesized  microcapsules  containing  new 
organotin  catalysts. 


50 


To  confirm  the  healing  property  with  these  new  catalyst-containing  microcapsules,  we 
did  monotonic  tests  with  TDCB  samples.  Figure  3.5  and  table  3.4  shows  the  monotonic  test 
result  by  using  lower  molecular  weight  PDMS  (S3 5)  and  new  catalyst  containing  microcapsules. 
In  the  test  result,  the  healing  efficiency  is  increased  by  using  new  catalysts  at  low  temperature. 
The  maximum  fracture  load  using  DMDN-Sn  catalyst  was  around  20N  at  room  temperature  and 
it  was  around  30N  at  30  °C  which  is  almost  the  same  value  as  the  injected  control  sample  test. 
For  the  catalytic  activity,  tin  II  catalyst  almost  instantaneously  polymerized  the  PDMS  precursor 
in  the  case  of  bulk  mixing.  However,  in  actual  mechanical  testing,  the  healing  property  of  the  tin 
II  catalyst  was  the  worst.  If  the  healing  reaction  would  be  too  rapid,  the  self-healing  system 
could  not  have  the  sufficient  time  for  diffusion  from  broken  microcapsules  to  the  crack  plane. 
This  means  that  the  catalysts  may  have  a  reactivity  window  for  a  successful  healing  reaction.  In 
the  next  step,  we  tried  to  optimize  the  self-healing  system  for  room  temperature  by  further 
investigation  of  the  viscosity  of  PDMS  healing  agent  and  more  effective  organotin  catalysts. 


Displacement  (p.m)  Displacement  (^m) 


Figure  3.5  Results  from  monotonic  fracture  tests  with  new  catalysts  containing 
microcapsules  for  virgin  and  fractured  samples  healed  at  a)  room  temperature  and 
b)  30  °C. 
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Table  3.4.  Fracture  load  of  self-healed  samples  with  new  catalysts  by  TDCB  test. 


Catalyst 

Fracture  load  of  healed  specimen 

Average  Maximum  Load  (N)  [±  1  standard  deviation] 

RT 

30°C 

DMDN-Sn 

14  [±7] 

26  [±0.2] 

DBBE-Sn 

17  [±0.6] 

26  [±4] 

Tin  II 

9[±3] 

7[±3] 

3.3  Conclusions 

Certain  modifications  of  the  original  concept,  based  on  phase-separated  PDMS  healing 
agent  and  microencapsulated  organotin  catalyst,  have  been  necessary  to  optimize  the  properties 
of  the  self-healing  system.  The  preliminary  result  suggested  that  the  temperature  dependence  of 
the  original  PDMS  self-healing  could  be  partly  attributed  to  the  viscosity  of  the  healing  agent 
and  that  a  lower  viscosity  healing  agent  would  improve  fluid  transport  at  lower  temperatures. 
We  since  then  successfully  demonstrated  higher  healing  efficiency  at  30°C  with  a  lower 
molecular  weight  PDMS  healing  agent  than  with  the  original  high  viscosity  agent.  To  further 
improve  the  PDMS  self-healing  system,  other  commercially  available  organotin  catalysts  with 
better  catalytic  activity  than  the  original  catalyst  were  investigated.  The  changes  of  those 
components  in  self-healing  system  drove  better  healing  property  at  reduced  temperatures. 

3.4  Experimental 

The  method  for  urethane  microencapsulation  with  organotin  catalyst  was  described  in 
chapter  2,  and  monotonic  fracture  test  with  TDCB  geometry  was  also  covered  in  chapter  2. 
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3.4.1  Small  Scale  Bullet  Sample  Test 

The  preliminary  tests  are  performed  to  compare  the  healing  property  of  the  self-healing 
composites  by  small  scale  bullet  sample  test.  The  composed  self-healing  solution  is  poured  to 
the  bullet  shaped  mold,  and  cured  at  room  temperature  for  24  hours.  The  bullet  samples  are 
broken  at  the  middle  part  and  re-attached  by  holding  with  clamp  and  metal  plate.  Samples  are 
healed  at  room  temperature,  30  °C,  and  50  °C  in  a  convection  oven.  The  healing  property  of  the 
test  specimens  is  evaluated  by  the  feeling  of  adhesion  strength  ranged  from  1  to  5. 
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CHAPTER 4 


SELF-HEALING  COATINGS 


Significant  components  of  this  chapter  are  in  preparation  as  S.  H.  Cho,  S.  R.  White,  P.  V.  Braun, 
“Self-healing  Polymer  Coatings”  (2006). 

4.1  Motivation 

Our  prior  work  for  the  self-healing  materials  has  focused  on  bulk  systems  [1],  however  as 
we  demonstrate  here,  a  very  promising  new  area  for  autonomic  materials  may  be  self-healing 
coatings.  We  and  others  have  demonstrated  self-healing  for  repair  of  bulk  mechanical  damage  in 
polymers  as  well  as  the  use  of  self-healing  to  dramatically  increase  the  fatigue  life  of  polymers. 
These  systems  rely  on  various  approaches  for  introducing  self-healing  into  material  including 
encapsulation  [2-6],  phase  separation  [1],  reversible  polymerization  [7],  polyionomers  [8], 
micro  vascular  networks  [9],  and  nanoparticle  phase  separation  [10],  Here  we  demonstrate,  for 
the  first  time,  self-healing  polymer  coatings,  a  very  important,  yet  largely  unexplored  area  of 
research.  Self-healing  coatings  have  the  potential  to  substantially  reduce  corrosion  across  a 
diverse  array  of  applications,  potentially  dramatically  reducing  the  immense  economic  cost  of 
corrosion.  Importantly,  the  approach  we  describe  is  general,  and  as  we  demonstrate,  is  highly 
effective  for  both  model  and  industrially  important  coatings  systems. 

4.2  Self-healing  Coating  System 

Inherently,  a  self-healing  coating  must  be  highly  stable  to  environmental  effects  because 
it  is  almost  impossible  to  prevent  oxygen  and  water  diffusion  through  thin  polymer  films. 
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Fortunately,  we  have  already  demonstrated  a  self-healing  chemistry  based  on  the  tin-catalyzed 
polycondensation  hydroxyl  end-functionalized  polydimethylsiloxane  (HOPDMS)  and 
polydiethoxysiloxane  (PDES)  [1],  and  thus  it  was  not  necessary  to  develop  a  new  healing 
chemistry  for  self-healing  coatings.  This  chemistry  is  attractive  because  it  is  air  and  water  stable, 
and  will  operate  even  after  exposure  to  elevated  temperatures  (up  to  150  °C),  an  important 
property  since  many  coatings  undergo  a  thermal  cure.  The  mechanical  properties  of  PDMS  are 
not  exceptional;  in  our  prior  work,  this  was  reflected  in  the  generally  low  tensile  strength  of  the 
damaged  region  of  the  sample  after  healing  relative  to  the  starting  epoxy.  In  a  coatings 
application,  the  mechanical  strength  of  the  healing  agent  is  rather  unimportant,  rather,  it  is  the 
ability  of  the  healing  agent  to  fill  the  damage  to  the  coating  and  the  chemical  stability  of  the 
system  that  are  of  paramount  importance.  Figure  4.1  presents  a  schematic  of  a  coating  damage 
event,  and  the  subsequent  self-healing  process  in  the  self-healing  coating  system  described  in  this 
thesis.  Self-healing  coatings  are  composed  of  microencapsulated  catalysts  and  phase  separated 
or  encapsulated  healing-agent  droplets  in  a  matrix  on  a  metallic  substrate.  No  reactions  take 
place  between  the  HOPDMS  and  PDES  prior  to  exposure  to  the  catalyst  in  a  matrix.  When  the 
self-healing  coating  layer  is  damaged  by  cracking  or  scratches,  the  catalyst  released  from 
microcapsules  and  the  healing  agent  wets  the  damaged  plane.  Diffusive  mixing  event  of  healing 
agent  and  catalyst  follows  in  the  damaged  region.  Finally,  the  damage  of  coating  layer  is  healed 
by  crosslinked  PDMS,  which  protects  the  substrate  from  the  environment. 
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Figure  4.1  Schematic  of  self-healing  process,  a,  self-healing  coating  containing 


microencapsulated  catalyst  (yellow)  and  phase  separated  or  encapsulated  healing- 
agent  droplets  (blue)  in  a  matrix  (pink)  on  a  metallic  substrate  (grey);  b,  damage 
to  the  coating  layer  releases  catalyst  (green)  and  healing  agent;  c,  diffusive  mixing 
of  healing  agent  and  catalyst  in  the  damaged  region;  d.  damage  healed  by 
crosslinked  PDMS,  protecting  the  substrate  from  the  environment. 

4.3  Self-healing  Coating  Fabrication 

To  apply  the  self-healing  coatings  on  a  metal  substrate,  we  first  investigated  the  optimum 
fabrication  method  of  the  self-healing  coatings.  Self-healing  polymer  solution  can  be  coated  on 
the  metal  substrates  by  means  of  various  coating  tools  such  as  bar  coater,  doctor  blade  type 
coater  or  spay  coater. 
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4.3. 1  Self-healing  Coatings  with  Bar  Coater 

Self-healing  polymer  was  first  spread  on  the  metal  substrates  by  a  bar  coater  (figure  4.2a). 
The  bar  coater  has  wound  wire  on  the  bar  which  is  related  with  the  coating  thickness.  It  is  very 
easy  and  convenient  coating  tool  for  thin  coating  but  it  revealed  a  problem,  especially  for  highly 
viscous  solutions.  For  thick  coatings,  the  result  was  an  uneven  stripe  shaped  coating  layer 
(figure  4.2c).  The  test  samples  for  corrosion  test  were  coated  by  the  epoxy  vinyl  ester  based 
solution  on  the  cold  rolled  steel  sheet.  For  the  healing  reaction,  the  coated  samples  were  scribed 
( x  -cut)  by  a  razor  blade  and  healed  at  50  °C  for  24  hours.  The  test  specimens  were  dipped  in 
salt  water  for  the  accelerated  corrosion  test  (figure  4.2b).  Figure  4.2c  shows  the  corrosion  test 
results  of  the  in  situ  sample  coated  by  bar  coater  after  120  hours  of  the  corrosion  test.  The 
coating  thickness  was  around  175  pm  with  No.  75  bar  coater  according.  In  the  corrosion  test 
result,  the  corrosion  propagation  was  not  uniform  on  the  sample  surface  due  to  the  uneven 
coating  layer  so  that  we  could  not  distinguish  actual  corrosion  propagation  between  control  and 
in  situ  samples.  Thus,  other,  more  effective  coating  tools  for  applying  the  coating  solution  were 
necessary  to  investigate. 


Figure  4.2  a)  Bar  coater  applicator  for  fabricating  coated  steel  samples,  b)  Set-up  for 
corrosion  tests  in  an  aqueous  solution  of  sodium  chloride,  c)  Epoxy  vinyl  ester 
coated  steel  corrosion  test  sample  after  scribing  and  120  h  exposure  to  salt  water. 
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4.3.2  Self-healing  Coating  with  Doctor  Blade  Type  Coater 

In  our  previous  section  (4.3.1),  it  was  shown  that  the  variation  in  coating  thickness 
associated  with  the  bar  coater  application  method  strongly  influenced  the  oxidation  progression. 
Consequently,  no  consistent  observations  could  be  made  from  control  tests  performed  on  the 
samples  coated  on  cold  rolled  steel  sheets  using  the  bar  coater.  Our  coating  deposition  efforts 
were  then  directed  to  establish  a  more  reliable  and  repeatable  coating  procedure.  One  promising 
coating  tool  is  a  doctor  blade  type  coater  which  is  more  appropriate  for  thick  coatings.  The 
coating  thickness  can  be  controlled  through  a  micrometer  and  the  coating  layer  thickness  could 
be  varied  from  25.4  to  12,700  pm.  The  applicability  of  the  doctor  blade  type  coater  was 
investigated  for  the  self-healing  coating.  To  make  samples  for  corrosion  testing,  the  self-healing 
solution  was  coated  on  cold  rolled  steel  sheets  by  a  doctor  blade  type  coater.  The  mixed  self- 
healing  coating  solution  was  applied  on  metal  substrates  by  a  pipette  and  it  was  spread  out  by 
dragging  the  doctor  blade  type  coater.  The  thickness  of  coated  layer  was  controlled  by  dial 
adjusting  of  coater.  In  the  experimental  demo  pictures  (figure  4.3),  it  could  be  observed  that  the 
coating  is  relatively  uniform. 


Figure  4.3  Procedure  for  surface  coating  fabrication  with  doctor  blade  coater.  a)  Application 
of  coating  solution  by  pipette,  b)  Coating  thickness  adjustment  by  threaded  dials. 
C)  Coated  steel  test  sample. 


58 


4.4  Anti-corrosion  Property  of  the  Self-healing  Coatings 

The  properties  of  self-healing  coatings  based  on  phase  separated  PDMS  healing  agents 
and  microencapsulated  catalyst  were  first  evaluated  through  corrosion  testing  and  compared  to 
control  samples  missing  at  least  one  component  required  for  self-healing  to  confirm  the  self- 
healing  mechanism  (figure  4.4).  All  samples  contain  adhesion  promoter,  without  it,  delamination 
of  the  coating  occurred,  invalidating  the  healing  test.  Damage  was  applied  by  scribing  an  X 
through  the  coating  and  into  the  substrate  using  a  razor  blade. 


composed  of  a,  matrix  (epoxy  vinyl  ester)  and  adhesion  promoter 
(methylacryloxy  propyl  triethoxy  silane,  3  wt%);  b,  matrix,  adhesion  promoter, 
and  3  wt%  of  tin  catalyst  (dimethyldineodecanoate  tin  containing  microcapsules); 
c,  matrix,  adhesion  promoter,  and  phase  separated  PDMS  healing  agent  (12  wt% 
mixture  of  HOPDMS  and  PDES);  d,  the  self-healing  coating  consisting  of  matrix, 
adhesion  promoter,  microencapsulated  catalyst,  and  PDMS  healing  agent.  The 
corrosion  test  samples  are  75  x  150  mm2  (width  x  length).  Samples  were  healed  at 
50  °C.  Images  are  taken  after  immersion  in  salt  water  for  120  hours. 
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Figure  4.5 


Corrosion  test  result  of  specimens  of  control  and  in  situ  samples  according  to 
dipping  times  in  5  wt%  NaCl  aqueous  solution.  Polymer  coating  solution  is 
composed  of  control  a,  matrix  (epoxy  vinyl  ester)  and  adhesion  promoter 
(methylacryloxy  propyl  triethoxy  silane,  3  wt%);  control  b,  matrix,  adhesion 
promoter,  and  microencapsulated  tin  catalyst  (dimethyldineodecanoate  tin,  3  wt% 
of  total  microcapsules);  control  c,  matrix,  adhesion  promoter,  and  phase  separated 
PDMS  healing  agent  (12  wt%,  mixture  of  HOPDMS  and  PDES);  In  situ,  matrix, 
adhesion  promoter,  microencapsulate  catalyst,  and  PDMS  healing  agent  (self- 
healing).  The  size  of  corrosion  test  samples  is  75X150  mm2  (width  x  length). 
Samples  were  healed  at  50  °C. 
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Coatings  were  allowed  to  self-heal  for  24  hours  at  room  temperature  (~20  °C),  30  °C,  or 
50  °C.  The  samples  were  subsequently  immersed  in  a  salt  water  solution.  All  control  samples 
rapidly  corroded  within  24  hours,  while  the  self-healing  samples  did  not  show  any  evidence  of 
corrosion  (red  rust)  even  after  120  hours  in  salt  water  (figure  4.4  &  4.5).  This  experiment  was 
highly  repeatable,  and  the  self-healing  nature  of  the  coating  was  not  dependent  on  minor 
variations  in  composition  or  coating  thickness.  The  self-healing  coatings  consistently  protected 
the  substrate  from  corrosion  for  120  hours. 

4.5  Electrochemical  Test 

Along  with  morphological  and  corrosion  tests,  a  quantitative  measure  of  the  quality  of  a 
coating  is  an  electrochemical  test.  Here  we  measure  the  steady-state  conduction  between  the 
metal  substrate  and  an  overlying  1M  NaCl  electrolyte,  at  a  constant  potential  of  3Y. 

4. 5. 1  Electrochemical  Test  Facility 

As  already  described,  the  anti-corrosion  properties  of  self-healing  coated  specimens  was 
qualitatively  confirmed  by  corrosion  tests  in  salt  water.  In  this  section,  a  quantitative 
electrochemical  test  was  applied  to  verify  the  anti-corrosion  property  of  the  self-healing  coatings. 
An  electro-chemical  cell  is  made  of  4  cm  glass  tube  filled  with  1  M  NaCl  in  water  (figure  4.6). 

The  cell  is  attached  on  the  specimen  with  two  part  epoxy  adhesive.  The  anode  is 
connected  to  the  platinum  electrode  and  the  cathode  is  connected  to  the  sample.  The  current 
value  of  the  samples  is  measured  at  a  constant  voltage  through  the  cell  using  236A 
Potentiostat/Galvanostat  (PerkinElmer). 
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Pt  electrode 


1 

Test  specimen 


Figure  4.6  Electrochemical  corrosion  test  set-up.  The  current  is  measured  both  over  the 
scratched  region  and  away  from  the  scratch  (red  circle  to  right). 


4.5.2  Electrochemical  Current 

To  compare  the  electrochemical  properties  of  both  control  samples  and  self-healing 
samples,  the  electrochemical  current  values  was  measured  at  a  constant  voltage.  The  test 
specimens  were  prepared  by  polymer  coating  on  a  metal  substrate.  Then  they  were  scribed  by  a 
razor  blade  and  followed  by  healing  reaction  at  50  °C  for  24  hours.  Figure  4.7  shows  the 
electrochemical  current  of  the  test  specimens  at  constant  voltage  (100  mV)  in  a  cell  containing 
pure  water.  The  final  current  of  control  sample  was  2.6  pA/cm2  while  the  current  was  almost  zero 
for  in  situ  sample.  The  control  sample  also  exhibited  a  slowly  increasing  current  increasing  up  to 
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-100  seconds  due  to  electrochemical  etching  of  the  damaged  part  of  metal  substrate,  which 

probably  increased  the  effective  surface  area. 

(a)  (b) 


Figure  4.7  Electrochemical  test  result  of  polymer  coated  metal  substrate  in  pure  water,  (a) 
Scratched  part  of  control  sample  and  (b)  scratched  part  of  self-healing  sample. 

The  electrochemical  current  value  of  samples  was  also  compared  in  a  salt  water 
containing  cell.  The  current  passing  through  the  control  and  self-healing  polymer  coatings 
before  scribing  are  almost  identical,  -0.34  pA/crn2  (figure  4.8a).  After  scratching,  samples  were 
allowed  to  heal  and  were  tested  in  the  electrochemical  cell.  The  current  passing  through  self- 
healing  samples  ranged  from  12.9  pA/cm2  -  1.4  mA/cm2  (4  samples)  while  the  current  passing 
through  the  control  sample  was  much  larger,  26.6  -  58.6  mA/cm  (3  samples).  Typical  data  is 
presented  in  figure  4.8b.  The  experimental  data  from  the  electrochemical  tests  is  also 
summarized  in  table  4.1.  It  should  be  noted  that  the  control  sample  was  evolving  gas  during  the 
experiment,  so  the  current  was  probably  kinetically  limited.  There  was  no  gas  evolution  from 
the  self-healing  sample. 
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(a) 


Figure  4.8 


(b) 


Electrochemical  test  result  of  polymer  coated  metal  substrate  in  1  M  sodium 
chloride  aqueous  solution,  (a)  Unscratched  part  of  specimens  and  (b)  Scratched 
part  of  control  (black)  and  self-healed  sample  (red). 


Table  4.1.  The  electrochemical  current  values  of  the  test  specimens  by  electrochemical  tests. 


1  lo  o 

Current  value 

JJamage 

Control 

Self-healing  coating 

Before  scribing 

0.34  pA/cm2 

0.32  pA/cm2 

After  scribing 

26.6  mA/cm2 

41.3  mA/cm2 

58.6  mA/cm2 

12.4  pA/cm2 

0.59  mA/cm2 

0.74  mA/cm2 

1.4  mA/cm2 

4.6  Surface  Morphology  of  the  Self-healing  Coatings 

Corrosion  prevention  is  only  indirect  evidence  that  the  substrate  has  been  passivated.  To 
better  evaluate  morphology  of  the  self-healing  coating,  scanning  electron  microscopy  (SEM) 
were  collected  from  self-healing  and  control  samples  (figure  4.9).  It  is  very  apparent  that  the 
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damage  is  significantly  filled  by  cured  PDMS  in  the  self-healing  coating,  while  the  cut  extends 
well  into  the  metal  substrate  in  the  control  sample  (figure  4.9). 


Figure  4.9  SEM  acquired  from  metal  substrate,  control,  and  self-healing  coatings.  SEM  of  a 


scratch  in  (a)  metal  substrate,  (b)  control,  and  (c)  self-healing  coating  after 
allowing  for  healing. 

4.7  Cross  Sectional  Observation 

The  healed  surface  of  the  control  and  self-healing  coated  samples  was  investigated  in  the 
previous  section  (chapter  4.6).  However,  for  more  detailed  observations,  it  was  attempted  to 
observe  evidence  of  successful  self-healing  through  cross  sectional  observations  using  optical 
microscopy  and  SEM. 

4. 7. 1  Optical  Microscopy 

For  the  cross  sectional  observation,  the  specimens  were  cut  by  slow  speed  diamond  saw, 
followed  by  mounting  in  epoxy  resin  and  polishing  with  diamond  paste  (1  pm  grid).  The  healing 
effect  of  self-healing  polymer  coating  is  first  investigated  by  optical  microscopy.  In  a  cross 
sectional  view  of  a  self-healing  polymer  coating  on  a  metal  substrate,  it  can  be  observed  by 
optical  microscopy  that  the  scratch  damage  on  a  metal  substrate  seems  to  be  successfully  covered 
by  the  healed  self-healing  coatings  (figure  4.10). 
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Figure  4.10  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  by  optical 
microscopy,  (a)  Undamaged  part  and  (b)  damaged  part  of  the  self-healing  coated 
sample. 


Next,  it  was  investigated  whether  the  damaged  part  of  metal  substrate  is  covered  by 
healing  agent  or  not.  It  could  be  observed  that  the  scribed  damage  was  penetrated  into  a  certain 
depth  of  a  metal  substrate  and  covered  by  healing  agent.  If  the  damage  was  not  covered  by 
polymer  layer,  it  would  show  serious  corrosion  in  the  salt  water  dipping.  So,  this  can  explain  the 
excellent  anti-corrosion  property  of  self-healing  samples  during  the  corrosion  test. 


4. 7. 2  Scanning  Electron  Microscopy 

The  healing  reaction  of  the  self-healing  polymer  coatings  is  also  investigated  by  SEM  for 
higher  magnification  observation.  The  procedure  for  sample  preparation  was  the  same  as  the 
optical  microscopic  observation.  The  self-healing  polymer  coating  layer  and  metal  substrate 
could  be  observed  by  SEM.  However,  it  was  difficult  to  distinguish  between  epoxy  molding 
compound  and  PDMS  healing  agent  in  the  damaged  part  even  by  back  scattered  imaging  (figure 
4.11). 
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Figure  4.11  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  by  scanning 
electron  microscopy,  (a)  Secondary  electron  image  of  sample  1  (image  was  taken 
from  the  scratched  region)  and  (b)  back  scattered  image  of  sample  2. 

The  same  elements  were  basically  observed  in  the  damaged  and  undamaged  parts  of 
specimens  (carbon,  oxygen,  silicone,  and  iron).  The  purpose  of  this  elemental  mapping  was  to 
observe  different  elemental  distributions  between  epoxy  and  PDMS  healing  agent.  However,  the 
result  revealed  that  the  elemental  distribution  was  not  effective  to  observe  the  healed  region 
(figure  4.12).  It  was  suspected  that  the  sample  surface  might  be  covered  by  healing  agent  due  to 
the  secondary  healing  reactions  during  the  polishing  process.  For  our  next  step,  it  was  intended 
to  use  electroless  nickel  coating  to  obtain  more  obvious  images  to  determine  the  details  of  the 
successful  healing  reactions.  The  electroless  nickel  should  highlight  the  interface  between  epoxy 
and  healing  agent  enabling  direct  SEM  observation,  even  if  secondary  healing  is  taking  place. 
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(a) 


(c) 


(d) 


Figure  4.12  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  (sample  in 
figure  4.11b)  by  elemental  mapping  of  scanning  electron  microscopy  for  (a) 
carbon,  (b)  oxygen,  (c)  silicone,  and  (d)  iron. 


4.7.3  Electroless  Nickel  Coating 

Electroless  nickel  coating  was  induced  to  obtain  a  more  definitive  marker  of  the  healed 
regions  of  the  sample.  The  nickel  layer  is  applied  to  the  sample  surface  before  the  mounting 
process,  highlighting  the  interface  between  the  epoxy  molding  compound  and  healing  agent 
(figure  4.13).  The  electroless  nickel  coating  was  performed  using  a  commercially  available 
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solution  (20-8192  EDGEMET®KIT),  was  composed  of  pre-cleaning  and  main  coating  solution 
(solutions  A&B).  The  sample  treatment  procedure  is  outlined  in  table  4.2.  The  thickness  of  the 
nickel  layer  is  proportional  to  dipping  time  of  the  sample  in  the  coating  solution. 


Scratch  damage 

“71 


Self-healing 


*• 


Nickel  coating 


Mounting  (epoxy)  Polishing 


Figure  4.13  Procedures  of  sample  preparation  for  cross  sectional  view  of  the  self-healing 
coatings  on  a  metal  substrate  by  scanning  electron  microscopy  with  electroless 
nickel  coating. 


In  a  cross  sectional  view  of  self-healing  coated  sample,  the  highlighted  interface  could  be 
observed  by  electroless  nickel  coating  layer  (figure  4.14),  which  distinguished  the  healing  agent 
from  epoxy  molding  compound.  The  nickel  interface  showed  that  the  damaged  part  of  metal 
substrate  was  not  filled  by  epoxy  molding  compound.  It  could  be  also  confirmed  that  the 
damaged  part  was  covered  by  polymeric  material,  PDMS  healing  agent,  by  carbon  mapping 
(figure  4.15).  Thus,  it  was  proved  that  scratch  damage  was  healed  by  healing  agent  through  self- 
healing  reaction.  In  addition,  nickel  coating  layer  and  metal  substrate  were  pronounced  by 


69 


elements  mapping  such  as  nickel  and  iron.  This  observation  provides  additional  evidence  of  the 
successful  healing  reaction  of  self-healing  coatings. 


Table  4.2.  Procedures  of  electroless  nickel  coating  with  20-8192  EDGEMET®KIT. 


Step 

Purpose 

Bath  Composition 

Comments 

Time 

1 

Cleaning 

Any  available  solvent-acetone, 

trichloroethane,  MEK,  etc. 

Use  gentle  agitation 

2  min 

2 

Cleaning 

25-35  pellets  of  NaOH  in  one 

cup  of  distilled  water 

Save  and  re-use.  Hold 

specimen  with  clamp 

2  min 

3 

Cleaning 

Pre-clean,  full  strength 

Save  and  re-use 

5-30  sec. 

4 

Application  of 

EDGEMET® 

Equal  parts  of  solution  A  and  B  - 

minimum  amount  75ml  of  each 

Use  at  approx.  185  °F 

Use  only  once 

2  hours 

or  longer 

Figure  4.14  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  by  scanning 


electron  microscopy  with  electroless  nickel  coating  at  the  interface  between  epoxy 
molding  and  self-healing  coated  sample,  (a)  Lower  magnification  and  (b)  higher 
magnification. 
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Figure  4.15  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  with 
electroless  nickel  coating  at  the  interface  between  epoxy  molding  and  self-healing 


coated  sample  by  elemental  mapping  of  scanning  electron  microscopy  for  (a) 
carbon,  (b)  silicone,  (c)  iron,  and  (d)  nickel. 

4. 7. 4  Direct  SEM  Observation 

In  principle,  it  would  be  much  better  if  we  could  obtain  images  of  self-healing  without 
mounting  the  samples  in  epoxy.  The  electroless  nickel  experiments  do  provide  evidence  of 
successful  healing  reactions.  However,  direct  SEM  observation  would  give  clearer  evidence. 
For  direct  polishing  of  samples  without  mounting,  a  special  polishing  tool  was  used  to  hold  small 
metal  samples  (figure  4.16),  preventing  fluctuating  of  samples  during  polishing,  providing  an 
evenly  polished  surface. 


71 


Scratch  damage 


Self-healing 


Polishing 


Figure  4.16  Procedures  of  sample  preparation  for  cross  sectional  view  of  the  self-healing 
coatings  on  a  metal  substrate  by  scanning  electron  microscopy  without  epoxy 
molding. 


In  this  observation,  SEM  images  show  the  cross  sectional  view  of  samples  by  direct  SEM 
observation  without  epoxy  molding  (figure  4.17).  However,  the  scratches  were  completely  filled 
due  to  secondary  self-healing  from  liquid  PDMS  released  during  the  polishing  process.  As  a 
result,  the  entire  damaged  part  of  polymer  layer  is  filled  with  healing  agent  through  secondary 
healing  reactions,  and  it  is  difficult  to  determine  the  interface  between  secondary  healing  and  the 
original  self-healing  reaction  (figure  4.17).  Basically,  the  self-healing  is  working  very  well.  A 
number  of  attempts  to  circumvent  this  problem  were  tried  including  extraction  of  healing  agent 
with  hexane  and  ultrasound,  and  filling  of  the  crack  with  wax  prior  to  polishing,  but  both 


72 


approached  did  not  work.  In  the  next  section  a  more,  however  still  not  completely  successful 
approach,  the  procuring  of  the  healing  agent  through  a  high  temperature  treatment  is  described. 


Figure  4.17  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  by  scanning 
electron  microscopy  without  epoxy  molding,  (a)  Lower  magnification  and  (b) 
higher  magnification. 


4. 7. 5  Heat  Treatment 

To  avoid  secondary  healing,  self-healing  coated  samples  were  put  into  a  convection  oven 
at  170  °C  for  24  hours  after  healing  reaction,  driving  the  thermal  poly  condensation  reaction  of 
the  healing  agent,  hydroxyl  end-functionalized  PDMS  (HOPDMS)  and  polydiethoxysiloxane 
(PDES).  This  reaction  only  takes  place  above  150  °C  unless  the  catalyst  is  present  (the  case  for 
self-healing).  Now  during  polishing,  no  liquid  PDMS  is  released,  and  SEM  images  of  self- 
healed  samples  could  be  collected  (figures  4.18). 

The  problem  during  the  heat  treatment  was  that  the  polymerized  healing  agent  on  the  side  edges 
of  the  damage  groove  appeared  to  delaminated  from  the  matrix,  so  it  could  not  provide  the 
perfect  image  of  the  successful  self-healing  (figure  4.19).  However,  the  presence  of  cured 
PDMS  healing  agent  on  the  bottom  of  the  damaged  regions  is  clearly  present.  Thus,  now  have 
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clear  SEM  evidence  that  self-healing  coatings  can  effectively  cover  scratch  damage  in  metal 
substrates.  Consequently,  the  images  of  the  successful  self-healing  coatings  which  proved  the 
protection  of  the  damaged  surface  were  achieved  through  the  SEM  observation  in  a  surface  and 


cross  sectional  observation. 


Figure  4.18  Cross  sectional  view  of  the  self-healing  coatings  on  a  metal  substrate  treated  at 
170  °C  for  24  hours  by  scanning  electron  microscopy,  (a)  Sample  1  and  (b) 
sample  2. 


170  °C  for  24  hours  by  scanning  electron  microscopy.  Samples  are  tilted  for 
observing  the  bottom  surface  of  damages  after  healing  reaction.  Tilted  images  of 
sample  1  by  (a)  30°  and  (b)  60°. 

4.8  Surface  Profile 
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Using  profilometry,  the  surface  morphology  of  damaged  and  subsequently  healed  test 
samples  were  compared  to  confirm  the  successful  self-healing.  The  surface  topography  of 
polymer  coated  specimens  was  measured  for  both  control  samples  and  self-healing  samples. 
Surface  profilometry  (Sloan  Dektak  ST  stylus  surface  profilometer)  can  measure  minute 
physical  surface  profile  down  to  a  few  nm  as  a  function  of  position  using  a  diamond  stylus  (tip 
diameter  2.5  pm),  in  contact  with  a  sample.  The  surface  profile  of  metal  substrate  and  polymer 
coating  layer  was  first  investigated  (figure  4.20).  The  metal  substrate  showed  a  surface 
roughness  of  5  pm  (figure  4.20a).  The  polymer  coating  layer  had  a  much  larger  surface  profile 
which  ranged  by  50  pm  (figure  4.20b),  most  of  this  variation  was  caused  by  the  large  size  of  the 
microcapsules;  smaller  microcapsules  will  almost  certainly  result  in  smoother  samples. 


Length  (pm)  Length  (pm) 

Figure  4.20  Surface  profile  of  undamaged  parts  of  test  sample  by  surface  profilometry.  (a) 

metal  substrate  and  (b)  polymer  coating  layer. 


Profilometry  provides  similar  evidence  for  crack  infilling  as  SEM  observation  (figure 
4.21).  The  depth  of  cut  in  the  control  samples  was  —120  pm,  while  the  cut  depth  in  the  self- 
healing  sample  was  considerably  less,  between  40  and  70  pm,  depending  on  if  the  cut  is 
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measured  as  starting  from  the  initial  top  of  the  sample,  or  from  the  edge  of  the  cut.  The  gradual 
slope  of  the  surface  of  the  coating  away  from  the  edge  of  the  cut  gives  some  insight  into  the 
mechanism  for  crack  healing.  The  material  that  fdls  in  the  crack  has  to  be  provided  from 
somewhere,  the  slumping  on  either  side  of  the  crack  is  strong  evidence  that  PDMS  healing  agent 
has  been  released  from  either  side  of  the  cut,  and  has  flowed  into  the  cut.  The  smaller  size  of  the 
microcapsules  was  used  for  the  surface  profilometry  because  of  the  thickness  limitation  (130 
pm)  of  the  profilometry  instrument.  The  surface  morphology  above  the  thickness  limitation  was 
indicated  by  red  line  so  that  we  could  not  observe  the  profile  beyond  the  range  (~130  pm). 


Control  Self-healing 


Figure  4.21  Surface  profile  of  collected  from  control  (no  self-healing)  and  self-healing 
coatings  after  damage  and  sufficient  time  to  allow  healing  reactions  to  take  place. 
Red  dots  indicate  the  surface  morphology  beyond  the  thickness  limitation  by 
instrument. 


4.9  Conclusions 
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The  healing  effect  in  damaged  parts  of  the  polymer  composite  was  confirmed  in  the 
previous  chapters  when  an  internal  crack  was  propagated  into  matrix  material.  In  this  chapter, 
the  excellent  anti-corrosion  effect  of  the  self-healing  coatings  was  successfully  demonstrated  by 
a  corrosion  test,  immersion  of  the  scribed  specimens  after  healing  in  salt  water.  For  self-healing 
coatings,  structural  recovery  is  secondary  to  the  ability  to  physically  reseal  surface  damage.  We 
were  able  to  demonstrate  a  self-healing  coating  system  based  on  phase  separated  healing  agents 
and  microencapsulated  tin  catalysts  in  a  matrix  for  surface  protection  against  corrosion.  The 
electrochemical  study  provided  a  quantitative  comparison  of  the  self-healing  coatings,  which 
showed  a  lower  electrochemical  current  value  than  the  control  sample.  The  morphology  of  the 
self-healed  coatings  was  investigated  by  microscopic  observation  and  surface  profilometry. 
Consequently,  it  was  proved  that  the  self-healing  coatings  successfully  protected  the  scratch 
damage,  which  resulted  in  corrosion  prevention  of  the  metal  substrate  in  corrosive  environments. 

4.10  Experimental 

The  synthetic  method  for  tin  catalyst  containing  microcapsules  by  interfacial 
polymerization  with  polyurethane  shell  is  described  in  chapter  2. 

4.10.1  Coating  Fabrication 

The  coating  solution  was  cured  using  benzoylperoxide  (BPO)  and  dimethylaniline 
(DMA)  as  the  initiator  and  activator,  respectively.  1  wt%  BPO  was  dissolved  in  the  prepolymer. 
After  the  BPO  was  completely  dissolved,  the  mixture  of  HOPDMS  and  PDES  was  added  into  the 
prepolymer  with  mechanical  stirring,  followed  by  degassing  under  vacuum.  The  microcapsules 
containing  tin  catalyst  were  then  mixed  with  the  degassed  solution  and  0. 1  wt%  DMA,  followed 
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by  a  final  degassing.  The  doctor  blade  coater  offers  a  robust  coating  thickness  controlled  by  dial 
adjustments  on  the  tool  and  also  allows  for  thicker  coatings.  Coating  layers  of  uniform  thickness 
are  obtained  by  depositing  a  self-healing  solution  with  a  pipette  at  one  end  of  a  cold  rolled  steel 
sheet  (75  x  150  mm  ,  width  x  length)  and  then  dragging  the  blade  coater  along  the  length  of  the 
metal  substrate  to  spread  out  the  solution  evenly.  Self-healing  samples  with  a  coating  of  epoxy 
vinyl  ester  (ASHLAND,  DERAKANE  510A-40),  3  wt%  adhesion  promoter  (Gelest, 
methylacryloxy  propyl  triethoxy  silane),  12  wt%  PDMS  healing  agent  (Gelest,  mixture  of 
HOPDMS  (S27)  and  PDES)  and  3  wt%  of  tin  catalyst  (Gelest,  dimethyldineodecanoate  tin) 
containing  microcapsules  were  cured  at  room  temperature  for  24  hours,  giving  a  coating 
thickness  of  approximately  100  pm. 

4.10.2  Corrosion  Test 

A  salt  water  set-up  (NaCl  in  aqueous  solution)  was  utilized  for  corrosion  tests.  To 
simulate  surface  damage,  samples  were  scribed  on  the  coated  side  from  comer  to  comer  in  the 
shape  of  an  “X”  with  a  razor  blade  in  the  length  of  10  cm  each.  The  scratched  samples  were 
then  healed  at  room  temperature,  30°C,  and  50  °C  for  24  hours  in  a  convection  oven  and  then 
submersed  in  5  wt%  aqueous  solution  of  sodium  chloride.  Before  the  specimen  dipping,  the  cut 
edges  of  samples  are  shield  by  adhesive  tape  for  preventing  the  corrosion  from  the  exposed  metal. 
The  corrosion  propagation  of  specimens  was  monitored  and  documented  at  24  hours  intervals. 


4.10.3  Electro-chemical  Test 
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An  electro-chemical  cell  is  made  of  1.8X5  cm  (diameter  x  length)  glass  tube  filled  with 
1M  concentration  of  sodium  chloride  aqueous  solution.  The  cell  is  attached  on  the  specimen 
with  two  part  epoxy  adhesive.  The  anode  is  connected  to  the  platinum  electrode  and  the  cathode 
is  connected  to  the  sample.  The  current  value  of  the  samples  is  measured  at  a  constant  voltage  (3 
Y)  through  the  cell  by  using  23 6 A  Potentiostat/Galvanostat  (PerkinElmer  Instrument)  equipment. 
The  test  specimens  for  scratching  damage  were  X  scribed  with  a  razor  blade  and  followed  by 
healing  at  50  °C  for  24  hours. 

4.10.4  SEM  Sample  Preparation  for  Cross-sectional  Observation 

The  test  samples  were  cut  to  approximately  1X1  cm  size  by  low  speed  diamond  saw 
after  healing  reaction.  Specimens  were  cleaned  by  deioinzed  water  and  ethyl  alcohol  in 
ultrasonic  bath.  For  direct  polishing  of  samples  without  mounting,  we  used  a  special  polishing 
tool  to  hold  small  metal  samples,  preventing  fluctuating  of  samples  during  polishing,  providing 
an  evenly  polished  surface.  To  avoid  secondary  healing,  we  put  self-healing  coated  samples  into 
a  convection  oven  at  170  °C  for  24  hours  after  healing  reaction,  driving  the  thermal 
poly  condensation  reaction  of  the  healing  agent,  HOPDMS  and  PDES.  This  reaction  only  takes 
place  above  150  °C  unless  the  catalyst  is  present  (the  case  for  self-healing). 

4.10.5  Surface  Profilometry 

Polymer  coated  specimens  after  healing  reaction  were  used  for  the  measurement  of 
surface  topography  prior  to  corrosion  test.  Surface  profilometry  (Sloan  Dektak3  ST  stylus 
surface  profilometer)  can  measure  minute  physical  surface  profile  down  to  a  few  nm  as  a 
function  of  position  with  a  diamond  stylus  (2.5  pm  diameter),  in  contact  with  a  sample. 
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CHAPTER  5 


TWO  MICROCAPSULE  SELF-HEALING  SYSTEM 


5.1  Investigation  for  Self-healing  Coating  Media 

To  develop  the  self-healing  coating  system,  we  investigated  coating  media  for  the  self- 
healing  coatings.  First  of  all,  epoxy  resin  was  considered  as  a  coating  medium.  Epoxy  is  a  very 
widely  used  coating  medium  for  industrial  use  because  of  its  useful  properties.  However,  it  can 
not  be  directly  used  in  PDMS  self-healing  system  based  on  the  phase  separated  healing  agent  in  a 
matrix  because  amine  curing  agent  may  polymerize  PDMS  liquid  droplets.  Thus,  another  curing 
agent,  melamine  was  investigated.  The  polymerization  of  both  PDMS  and  epoxy  was  observed 
in  the  presence  of  melamine  curing  agent  at  various  temperatures  (table  5.1).  In  this  test,  it  was 
intended  to  find  the  temperature  where  melamine  just  polymerizes  epoxy  but  does  not 
polymerize  PDMS.  However,  melamine  curing  agent  polymerized  PDMS  and  epoxy  together 
after  a  certain  temperature  (around  85  °C). 

To  solve  the  curing  system  restriction,  other  coating  medium  such  as  epoxy  vinyl  ester, 
acrylic  resin,  and  polyurethane  were  considered.  Among  these,  epoxy  vinyl  ester  is  used  for  one 
microcapsule  self-healing  coating  system  which  utilizes  phase  separated  PDMS  liquid  droplets 
as  a  healing  agent  and  tin  catalyst  containing  microcapsules.  Previously,  the  excellent  healing 
property  of  one  microcapsule  self-healing  system  with  epoxy  vinyl  ester  matrix  was  already 
confirmed,  so  that  it  should  be  applicable  for  the  self-healing  coatings.  Another  possible  try 
would  be  two-microcapsule  self-healing  system  which  includes  PDMS  containing  microcapsules 
as  well  as  tin  catalyst  containing  microcapsules.  Thus,  PDMS  healing  material  can  survive 
during  the  matrix  polymerization  with  a  curing  agent  but  it  could  meet  tin  catalyst  in  the  case  of 
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microcapsule  rupture.  It  is  expected  that  the  two-microcapsule  self-healing  system  can  also 
increase  the  system  durability  after  long  time  aging  and  will  be  precisely  described  in  chapter  5. 


Table  5.1.  Result  of  thermal  curing  reaction  of  melamine  curing  agent  for  epoxy  and  PDMS 


after  24  hours  according  to  temperatures. 


Temperature  (°C) 

PDMS 

Epoxy 

Room  temperature 

Low  viscous  liquid 

- 

50 

Low  viscous  liquid 

- 

75 

Low  viscous  liquid 

Transparent  liquid 

85 

Slight  viscous  increase 

Polymer  (brown) 

100 

Viscosity  increase  (gel) 

Polymer  (brown) 

5.2  Two  Microcapsule  Self-healing  System  for  Epoxy  Matrix 

For  the  self-healing  system  previously  described  in  this  thesis,  a  one  microcapsule  self- 
healing  system  composed  of  phase-separated  PDMS  liquid  droplets  and  catalyst  containing 
microcapsules  in  an  epoxy  vinyl  ester  matrix  was  used.  We  already  confirmed  the  healing 
property  of  the  self-healing  composite  and  the  promising  anti-corrosion  property  of  self-healing 
coatings  with  this  one  microcapsule  system.  However,  this  one  microcapsule  self-healing  system 
is  not  useful  for  other  specific  matrices  such  as  epoxies  formulated  with  amine  based  curing 
agents  because  the  amine  curing  agent  can  also  polymerize  the  PDMS  based  healing  agent.  So,  a 
two-microcapsule  self-healing  system  which  is  composed  of  PDMS  containing  microcapsules 
and  catalyst  containing  microcapsules  was  developed.  With  this  configuration,  we  can  avoid 
system  restriction  and  improve  system  durability  after  very  long  aging. 
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To  compose  the  two  microcapsule  self-healing  system,  it  was  necessary  to  make  PDMS 
containing  microcapsules  which  protect  the  healing  agent  from  the  amine  curing  agent  during 
epoxy  matrix  polymerization.  PDMS  containing  microcapsules  were  successfully  synthesized 
by  urea- formaldehyde  microencapsulation  (figure  5.1)  with  modifications  as  noted  in  the 
experimental  section.  The  urea-formaldehyde  microencapsulation  method  was  used  for  DCPD 
encapsulation  in  the  previous  methodology  [1-3].  The  size  of  PDMS  containing  microcapsules 
can  be  easily  controlled  according  to  the  mechanical  stirring  speeds.  The  PDMS  containing 
microcapsules  can  be  embedded  with  tin  catalyst  containing  microcapsules  and  an  appropriate 
adhesion  promoter  in  the  matrix,  which  results  in  a  two  microcapsule  self-healing  system. 


Figure  5.1  Optical  microscopic  images  of  PDMS  containing  microcapsules. 

The  healing  property  of  the  two  microcapsule  self-healing  system  was  investigated  using 
a  fracture  test  with  the  TDCB  sample  geometry.  First  of  all,  the  composition  effect  was 
investigated  according  to  the  amount  of  PDMS  containing  microcapsules  and  catalyst  containing 
microcapsules.  In  the  test  result,  the  maximum  load  of  healed  samples  increases  as  the  amount 
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of  healing  agent  increases  (figure  5.2).  The  amount  of  catalyst  containing  microcapsules  was 
proportional  to  the  amount  of  the  amount  of  the  PDMS  containing  microcapsules.  However,  the 
slight  amount  change  of  catalyst  containing  microcapsules  does  not  greatly  change  the  healing 
property.  The  highest  average  maximum  load  of  the  sample  healed  at  50  °C  was  around  20  N, 
which  is  a  17  N  lower  value  than  observed  in  the  one  microcapsule  self-healing  system.  The 
primary  reason  might  for  the  lower  strength  was  suspected  that  there  was  no  adhesion  promoter 
used  in  this  two  microcapsule  system  yet. 
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Figure  5.2  Maximum  load  changes  of  healed  TDCB  specimens  according  to  the  amount  of 
PDMS  and  catalyst  containing  microcapsules.  The  samples  were  healed  at  50  °C. 


The  purpose  of  the  adhesion  promoter  is  to  improve  adhesion  strength  between  epoxy 
matrix  and  PDMS  healing  material.  The  chemical  structure  of  the  adhesion  promoter  for  epoxy 
vinyl  ester  has  carbon  double  bonds  for  reacting  with  vinyl  ester  matrix  and  ethoxy  groups  for 
hydroxyl  groups  of  PDMS.  This  adhesion  promoter  will  not  be  effective  in  an  epoxy  system 
because  the  double  bonds  will  not  react  with  the  epoxy  matrix.  Thus,  a  new  adhesion  promoter, 
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(3-trimethoxysilylpropyl)dimethylene  triamine  (CioH^NjOsSi),  which  has  amine  groups  to  react 
with  epoxy  matrix  and  methoxy  groups  to  react  with  hydroxyl  groups  of  PDMS  was  investigated. 
The  healing  property  of  TDCB  samples  containing  adhesion  promoters  was  first  confirmed  by 
manually  injecting  a  healing  agent  into  the  crack  plane.  The  maximum  load  of  samples  without 
adhesion  promoter  was  around  25  N.  With  the  adhesion  promoter  used  for  epoxy  vinyl  ester 
matrix  system,  the  maximum  load  was  only  slightly  increased,  as  expected,  but  with  the  new 
adhesion  promoter,  the  maximum  load  was  50  N  (figure  5.3). 


Figure  5.3  Maximum  load  values  of  manually  healed  TDCB  specimens  by  injecting  PDMS 
healing  agent  according  to  adhesion  promoter  change. 

The  new  adhesion  promoter  was  then  investigated  in  the  two  microcapsule  self-healing 
system  with  in  situ  samples.  Although  the  new  adhesion  promoter  for  epoxy  matrix  shows  the 
improvement  of  adhesion  strength  (figure  5.4),  it  is  still  necessary  to  find  a  more  effective 
adhesion  promoter,  which  at  least  in  theory,  will  lead  to  further  improvement  of  the  healing 
properties  of  the  two-microcapsule  self-healing  system. 
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Avg.  maximum  load:  23.1  N 
STDEV  :  +9.3  N 

Figure  5.4  Monotonic  fracture  test  results  of  two  microcapsule  self-healing  polymer  (TDCB 
geometry)  for  virgin  and  fractured  samples  healed  at  50  °C.  The  self-healing 
composite  is  composed  of  epoxy  with  amine  curing  agent,  3  wt%  of  adhesion 
promoter  ((3-trimethoxysilylpropyl)dimethylene  triamine),  14  wt%  of  PDMS 
(S32,  viscosity  1,600  cP)  containing  microcapsules,  and  3  wt%  of  tin  catalyst 
(dimethyldineodacanoate  tin)  containing  microcapsules. 

5.3  Temperature  Dependence  of  the  Healing  Property 

In  the  previous  section  (section  5.2),  the  healing  properties  of  the  two-microcapsule  self- 
healing  system  as  a  function  of  composition  ratio  were  investigated  at  50  °C.  The  two- 
microcapsule  self-healing  system  is  designed  for  general  matrix  application  with  limited  system 
restrictions.  In  two  capsule  systems,  both  healing  agents  are  protected  from  the  matrix,  thus 
matrix-healing  chemistry  incompatibilities  are  greatly  reduced.  In  this  section,  the  healing 
property  of  the  optimized  (ratio  of  healing  agent,  catalyst,  and  adhesion  promoter)  two- 
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microcapsule  self-healing  system  was  investigated  at  different  healing  temperatures.  Figure  5.5 
is  the  monotonic  test  result  of  a  two-microcapsule  self-healing  system  composed  of  epoxy  matrix, 
PDMS  containing  microcapsules,  and  tin  catalyst  containing  microcapsules  healed  at  30  and 
50  °C.  3wt%  of  the  adhesion  promoter  was  also  mixed  with  the  epoxy  matrix  prior  to  add  other 
healing  components.  The  average  maximum  load  of  the  healed  samples  using  the  two 
microcapsule  self-healing  system  was  slightly  lower  than  the  one  microcapsule  self-healing 
system.  It  was  also  determined  that  the  healing  property  at  30  °C  was  not  as  good  as  at  50  °C, 
which  was  the  same  trend  observed  the  one  microcapsule  self-healing  system. 


(a)  (b) 


Avg.  maximum  load: 

9.6  N 

Avg.  maximum  load: 

22.0  N 

STDEV  : 

+  1.8  N 

STDEV  : 

±11.1  N 

Figure  5.5  Monotonic  fracture  test  results  of  two  microcapsule  self-healing  polymer  (TDCB 
geometry)  for  virgin  and  fractured  samples  healed  at  a)  30  °C  and  b)  50  °C.  The 
self-healing  composite  is  composed  of  epoxy  with  amine  curing  agent,  3  wt%  of 
adhesion  promoter  [(3-trimethoxysilylpropyl)dimethylene  triamine],  14  wt%  of 
PDMS  (S32,  viscosity  1,600  cP)  containing  microcapsules,  and  3  wt%  of  tin 
catalyst  (dimethyldineodacanoate  tin)  containing  microcapsules. 
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5.4  TKAS  Catalyst  synthesis 

To  improve  the  healing  properties  of  PDMS  self-healing  systems  at  lower  temperature,  a 
number  of  commercially  available  organotin  catalysts  with  greater  catalytic  activity  than  the 
original  catalyst  were  previously  investigated  (chapter  3).  That  resulted  in  improved  healing  at 
near  room  temperature.  Through  a  combination  of  a  lower  viscosity  healing  agent  and  a  more 
effective  catalyst  some  degree  of  healing  was  achieved  at  room  temperature,  however  further 
improvements  were  still  necessary.  Thus,  improved  organotin  catalysts  were  still  investigated 
for  further  improvement  of  the  healing  property  at  lower  temperature.  Consequently, 
tetrakis(acetoxydibutyltinoxy)silane  (TKAS,  Si[0Sn(n-C4H9)200CCH3]4),  a  highly  effective 
new  organotin  catalyst  was  synthesized  and  encapsulated  for  curing  PDMS.  This  new  catalyst 
does  not  require  moisture  for  activation,  potentially  enabling  self-healing  coatings.  Thus,  this 
self-healing  system  can  be  applied  in  environments  for  applications  ranging  from  aerospace  to 
subsurface  healing,  where  water  may  not  be  present.  Figure  5.6  is  a  reaction  scheme  for 
polycondensation  of  PDMS  with  a  tin  catalyst  [4],  If  an  alky  ester  tin  catalyst  is  used,  it  needs 
contact  with  moisture  for  activation,  where  it  is  converted  to  an  alkyl  hydroxyl  tin  [4],  This 
intermediate  compound  reacts  with  alkyl  alcoxy  silane  and  forms  a  tin  compound  containing  a 
Sn-O-Si  linkage  [4],  This  organotin  compound  reacts  with  hydroxyl-terminated  PDMS  and 
forms  highly  polymerized  PDMS  [4],  This  scheme  led  us  to  synthesize  a  new  catalyst  which 
contains  a  Sn-O-Si  linkage.  The  final  chemical  structure  of  this  new  catalyst  is  Si[OSn(n- 
C4H9)2OOCCH3]4. 

The  TKAS  catalyst  was  synthesized  based  on  US  patent  4,137,249  [5],  The 
experimental  set-up  for  the  TKAS  synthesis  is  shown  in  figure  5.7.  The  final  product  of  this 
procedure  is  organotin  silicone  compound  containing  a  Sn-O-Si  linkage,  and  the  by-product  is 
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ethyl  acetate.  Much  improved  catalytic  activity  is  also  expected  because  this  catalyst  can 
directly  drive  the  polycondensation  reaction. 


Figure  5.6  Reaction  scheme  for  the  polycondensation  of  hydroxyl  end  functionalized  PDMS 
with  an  alkyl  ester  tin  catalyst  in  the  presence  of  moisture  (adapted  from  [4]). 


Figure  5.7  Experimental  set-up  for  synthesis  of  the  TKAS  catalyst. 
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5.5  Microencapsulation  of  the  TKAS  Catalyst 

Self-healing  requires  the  microencapsulation  of  the  TKAS  catalyst.  The  catalyst  is 
dissolved  in  chlorobenzene,  fdtered  it  through  a  glass  micro-fiber  and  created  microcapsules  by 
interfacial  polymerization  (polyurethane  shell).  This  microencapsulation  method  is  similar  to  the 
original  tin  catalyst  encapsulation.  The  urea-formaldehyde  microencapsulation  was  also  tried, 
but  that  did  not  yield  high  quality  capsules  even  at  low  catalyst  concentrations.  Figure  5.8  is  an 
optical  microscopic  image  of  the  new  catalyst  containing  polyurethane  microcapsules.  To 
confirm  the  healing  property,  small  scale  tests  were  first  performed  with  the  bullet  shaped 
samples.  The  samples  were  composed  of  epoxy  vinyl  ester,  adhesion  promoter,  12  wt%  of  phase 
separated  PDMS,  and  4wt%  of  catalyst  containing  microcapsules.  In  these  tests,  very  promising 
results  were  observed  at  lower  temperature.  Thus,  we  moved  to  TDCB  sample  tests  using  these 
new  catalyst  containing  microcapsules  and  the  other  required  components. 


Figure  5.8  Optical  microscopic  image  of  newly  synthesized  catalyst  containing 
microcapsules. 
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5.6  Healing  Property  with  the  TKAS  Catalyst 

The  healing  performance  of  the  self-healing  polymer  composite  containing  the  TKAS 
catalyst  containing  microcapsules,  the  synthesis  and  properties  of  which  is  previously  described, 
was  investigated.  The  TKAS  catalyst  was  dissolved  in  chlorobenzene  by  2  wt%,  which  is  then 
encapsulated  by  the  urethane  microencapsulation  method.  As  described  in  the  previous  section, 
the  improved  healing  property  was  expected,  especially  at  lower  temperatures,  due  to  the  higher 
catalytic  activity  of  the  TKAS  catalyst.  Figure  5.9  is  the  monotonic  test  result  of  the  two- 
microcapsule  self-healing  polymer  with  the  TKAS  catalyst  containing  microcapsules  healed  at 
room  temperature  and  30  °C. 


Avg.  maximum  load: 

18.4  N 

Avg.  maximum  load: 

19.7  N 

STDEV 

+  10.6  N 

STDEV 

+  7.5  N 

Figure  5.9  Results  from  monotonic  fracture  tests  with  TDCB  geometry  for  virgin  samples 
and  fractured  samples  healed  at  a)  room  temperature  and  b)  30  °C  using  the 
TKAS  catalyst.  The  self-healing  composite  is  composed  of  epoxy  with  amine 
curing  agent,  3  wt%  of  adhesion  promoter  ((3-trimethoxysilylpropyl)dimethylene 
triamine),  14  wt%  of  PDMS  (S32,  viscosity  1,600  cP)  containing  microcapsules, 
and  3  wt%  of  TKAS  catalyst  containing  microcapsules. 
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The  average  maximum  load  of  the  healed  samples  were  greatly  improved  by  adding  the 
TKAS  catalyst  containing  microcapsules,  and  almost  the  same  healing  property  was  achieved  at 
room  temperature  as  when  healed  at  30  °C. 

The  healing  property  was  also  compared  with  the  samples  healed  at  50  °C  for  the  one 
microcapsule  system  and  the  two-microcapsule  system  by  monotonic  fracture  test.  The  healing 
property  of  the  one  microcapsule  system  had  a  slightly  higher  maximum  load  than  the  two- 
capsule  system  (figure  5.10).  However,  the  two-microcapsule  self-healing  polymer  also  showed 
good  healing  performance  with  the  new  catalyst  containing  microcapsules.  Better  healing  occurs 
at  50  °C  (figure  5.10a)  compared  to  lower  temperatures  (figure  5.10a-b),  but  the  lower 
temperature  healing  should  still  be  within  acceptable  range  for  many  applications  such  as 
coatings. 


Avg.  maximum  load:  33.0  N  Avg.  maximum  load:  35.1  N 

STDEV  :  +  4.2  N  STDEV  :  +  5.82  N 

Figure  5.10  Results  from  monotonic  fracture  tests  (TDCB  geometry)  for  virgin  samples  and 
fractured  samples  healed  at  50  °C  for  (a)  two  microcapsule  containing  system  and 
(b)  one  microcapsule  containing  system.  The  amount  of  TKAS  catalyst  containing 
microcapsules  added  in  the  sample  was  3  wt%. 
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The  most  important  advantage  of  the  two-capsule  system  is  that  it  can  be  used  in  almost 
any  polymer  matrix,  while  the  one  capsule  system  has  matrix  limitations.  Given  the  motivation 
to  explore  the  use  of  this  system  for  coatings  applications,  the  anti-corrosion  property  of  coatings 
containing  the  two-microcapsule  self-healing  system  was  investigated  for  our  next  step. 

5.7  Self-healing  Coatings  with  Two  Microcapsule  System 

The  anti-corrosion  property  of  two  microcapsule  containing  self-healing  coatings  was 
investigated  in  this  section  by  the  scribed  specimen  immersion  in  salt  water.  The  anti-corrosion 
property  between  control  samples  and  an  in  situ  sample  was  also  compared  the  same  as  the 
previous  one  microcapsule  system  (figure  5.1 1). 


Figure  5.11  Corrosion  test  result  of  specimens  of  control  and  in  situ  samples  healed  at  50  °C 


after  120  hours  in  5  wt%  NaCl  aqueous  solution.  Coating  solution  is  composed  of 
(a)  matrix  with  3  wt%  of  adhesion  promoter;  (b)  matrix,  3  wt%  of  adhesion 
promoter,  and  3  wt%  of  catalyst  containing  microcapsules;  (C)  matrix,  3  wt%  of 
adhesion  promoter,  and  14  wt%  of  PDMS  containing  microcapsules;  (d)  matrix,  3 
wt%  of  adhesion  promoter,  3  wt%  of  catalyst  containing  microcapsules,  and  14 
wt%  of  PDMS  containing  microcapsules  (in  situ  sample). 
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The  self-healing  coating  solution  was  composed  of  epoxy  matrix  with  amine  curing  agent, 
3  wt%  of  adhesion  promoter,  14  wt%  of  PDMS  containing  microcapsules,  and  3  wt%  of  catalyst 
containing  microcapsules.  The  curing  condition  was  at  room  temperature  for  24  hours  and  post 
cure  at  30  °C  for  another  24  hours.  Samples  were  healed  at  50  °C  for  24  hours  after  scribing 
with  a  razor  blade.  The  corrosion  test  result  after  120  hours  revealed  that  all  the  control  samples 
showed  red  rust  on  the  scribed  parts  while  the  in  situ  sample  did  not  show  red  rust  (figure  5.11). 

5.8  Healing  in  water  environments 

The  anti-corrosion  property  of  self-healing  coatings  healed  in  water  environments  was 
investigated  in  this  section.  Previously,  the  self-healing  coatings  healed  in  air  were  already 
confirmed  as  very  successful.  Thus,  our  next  step  was  to  investigate  whether  the  self-healing 
coatings  also  efficiently  operate  under  water  environments.  As  a  more  aggressive  test,  the  anti¬ 
corrosion  property  of  the  self-healing  coatings  healed  under  salt  water  and  acidic  or  basic  water 
was  also  investigated. 

5.8. 1  Healing  in  Pure  and  Salt  Water  Environment 

First  of  all,  the  anti-corrosion  property  of  the  self-healing  coatings  healed  in  pure  and  salt 
water  was  investigated.  The  self-healing  coating  solution  composed  of  the  same  components  and 
composition  as  the  samples  healed  in  air  (figure  5.11)  was  used  in  these  experiments.  Figure 
5.11  shows  the  corrosion  test  result  of  the  samples  healed  in  water  and  salt  water  environments. 
The  anti-corrosion  property  between  control  samples  and  in  situ  samples  was  compared  the  same 
as  the  previous  experiments.  Control  samples  are  epoxy  matrix  with  adhesion  promoter  and  in 
situ  samples  are  coated  with  the  two-microcapsule  containing  self-healing  coating  solution. 
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In  the  result  with  the  samples  healed  in  pure  water  (figure  5.12a-b),  in  situ  samples 
showed  slightly  better  anti-corrosion  property  than  control  samples  but  the  healing  was  not  as 
effective  as  for  samples  healed  in  an  air  environment.  It  is  suspected  that  the  tin  catalyst,  and 
possibly  the  PDMS  healing  agent,  may  be  washed  out  by  water  before  polymerization  initiates. 

In  the  case  of  healing  in  salt  water  (figure  5.12c-d),  the  self-healing  sample  did  not  show 
any  better  anti-corrosion  property  than  the  control  samples.  The  tin  catalyst  is  likely  very 
rapidly  removed  in  salt  water  due  to  ion  exchange  reactions.  The  PDMS  healing  agent  may 
also  be  washed  out  by  the  salt  water. 


Figure  5.12  Corrosion  test  result  of  specimens  healed  at  50  °C  after  120  hours  in  5  wt%  NaCl 


aqueous  solution.  The  first  set  of  (a)  control  and  (b)  in  situ  samples  was  healed  in 
pure  water,  and  the  second  set  of  (c)  control  and  (d)  in  situ  samples  was  healed  in 
salt  water  (5  wt%  NaCl  aqueous  solution). 

5.8.2  Healing  in  water  in  different  pH  conditions 

The  anti-corrosion  property  of  self-healing  coatings  healed  in  water  with  different  pH 
conditions  was  also  tested.  The  pH  of  the  water  bath  was  varied  between  2  to  12  using  the  same 
sample  preparation  and  corrosion  test  conditions.  The  corrosion  test  result  of  the  samples  healed 
in  a  water  bath  having  pH  2,  pH  4,  pH  10,  and  pH  12  is  shown  in  figure  5.13. 
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Figure  5.13  Corrosion  test  result  of  specimens  healed  at  50  °C  after  72  hours  in  5  wt%  NaCl 
aqueous  solution,  (a)  Control  and  (b)  in  situ  sample  healed  in  water  bath  having 
pH  2;  (c)  Control  and  (d)  in  situ  sample  healed  in  water  bath  having  pH  4;  (e) 
Control  and  (f)  in  situ  sample  healed  in  water  bath  having  pH  10;  (g)  Control  and 
(h)  in  situ  sample  healed  in  water  bath  having  pH  12. 

In  these  results,  in-situ  samples  healed  in  water  with  pH  2  showed  a  better  healing 
property,  especially  within  a  short  time  range  of  the  corrosion  test,  than  other  samples.  This  may 
be  because  PDMS  poly-condensation  can  be  catalyzed  by  the  presence  of  an  acid.  So,  even  if 
the  tin  catalyst  is  being  removed  by  the  water,  the  acidic  water  may  provide  the  necessary 
catalytic  properties  to  heal  the  polymer.  The  metal  substrate  is  generally  very  corrosive  in  acid 
environments.  If  the  scribed  area  is  not  protected  by  a  polymer  layer,  it  would  have  serious  red 


96 


rust  on  the  damaged  part  as  shown  in  the  control  samples.  However,  the  in  situ  samples  show 
some  anti-corrosion  property  in  the  acidic  condition  indicating  self-healing  is  taking  place. 
However,  the  self-healed  samples  do  not  show  good  anti-corrosion  properties  under  other  pH 
conditions,  similar  to  the  lack  of  healing  observed  under  pure  and  salt  water  environments. 

To  get  good  healing  property  in  water  environments,  PDMS  and  catalyst  loss  problems 
before  polymerization  need  to  be  solved.  A  better  catalyst  would  be  helpful  for  the  PDMS  and 
catalyst  loss  problems  of  self-healing  coatings  in  the  case  of  healing  in  water  environments 
because  rapid  reaction  could  prevent  the  loss  of  components. 

5.9  Adhesion  Strength  of  Self-healing  Coatings 

To  get  a  better  healing  property,  we  first  need  to  solve  the  delamination  problem  of  the 
coating  layer  because  some  test  samples  showed  delamination  during  the  corrosion  test.  Even  if 
the  self-healing  sample  has  a  good  healing  property,  it  would  be  useless  in  the  case  of  de¬ 
lamination  problem.  The  delamination  problem  also  hindered  an  accurate  evaluation  of  the  anti¬ 
corrosion  property  of  the  test  specimens. 

5.9. 1  Chemical  Treatment  with  Silane  Coupling  Agent 

Initially,  the  anti-corrosion  properties  of  two  microcapsule  containing  self-healing 
coatings  healed  at  low  temperature  was  investigated.  The  anti-corrosion  property  of  control 
samples  and  an  in  situ  sample  were  compared  using  the  same  procedure  as  for  the  previous  one 
microcapsule  containing  self-healing  system.  However,  the  serious  adhesion  problems  in  the 
two  microcapsule  system  were  encountered,  which  caused  delamination  from  the  metal  substrate 
during  corrosion  tests  (figure  5.14). 
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Figure  5.14  Corrosion  test  result  of  specimens  of  control  and  in  situ  samples  healed  at  30  °C 
after  120  hours  in  5  wt%  NaCl  aqueous  solution.  Coating  solution  is  composed  of 
(a)  matrix  with  3  wt%  of  adhesion  promoter;  (b)  matrix,  3  wt%  of  adhesion 
promoter,  and  3  wt%  of  catalyst  containing  microcapsules;  (C)  matrix,  3  wt%  of 
adhesion  promoter,  and  14  wt%  of  PDMS  containing  microcapsules;  (d)  matrix,  3 
wt%  of  adhesion  promoter,  3  wt%  of  catalyst  containing  microcapsules,  and  14 
wt%  of  PDMS  containing  microcapsules  (in  situ  sample). 


For  our  first  attempt,  it  was  expected  that  the  delamination  problem  would  be  solved 
through  treatment  of  the  substrate  with  the  silane  coupling  agent  (y-glycidoxy  propyl 
trimethoxysilane)  which  should  induce  chemical  bonding  between  the  polymer  coating  layer  and 
metal  substrate.  Basically,  the  silane  coupling  agent  has  functional  groups  which  can  connect  to 
hydroxyl  groups  on  the  metal  substrate  and  the  epoxy  matrix  (figure  5.15).  For  the  silane 
treatment,  1  wt%  aqueous  solution  of  silane  coupling  agent  was  sprayed  on  a  metal  substrate  and 
dried  it  at  room  temperature.  However,  it  did  not  significantly  improve  the  adhesion  problem. 
Another  attempt  for  the  silane  treatment  was  to  mix  3  wt%  of  silane  coupling  agent  with  the  self- 
healing  coating  solution  but  this  was  also  not  very  effective. 
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Figure  5.15  Reaction  scheme  for  forming  adhesion  bonds  by  reaction  of  y-glycidoxy  propyl 
trimethoxysilane  with  epoxy  on  a  metal  surface  [adapted  from  reference  4], 


5.9.2  Mechanical  Treatment  with  Sand  Blasting 

In  another  attempt  to  increase  the  adhesion  strength  between  the  self-healing  coating  and 
the  metal  substrate,  the  substrate  was  mechanically  abraded  by  sand  blasting.  This  increases  the 
surface  roughness  of  the  substrate,  which  should  improve  the  adhesion  strength.  To  confirm  the 
effect  of  mechanical  treatment,  self-healing  coatings  were  applied  to  the  mechanically  treated 
metal  substrate,  followed  by  scratch  damage,  healing  reaction,  and  corrosion  test  in  salt  water. 
However,  the  corrosion  test  result  (figure  5.16)  was  not  very  promising.  The  test  samples  did  not 
show  good  adhesion,  especially  specimens  healed  at  low  temperature.  Furthermore,  the  anti¬ 
corrosion  property  of  the  self-healed  sample  could  not  be  evaluated  due  to  delamination  during 
the  corrosion  test. 
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Figure  5.16  Corrosion  test  result  of  specimens  of  control  and  in  situ  samples  healed  at  30  °C 
after  120  hours  in  5  wt%  NaCl  aqueous  solution.  Coating  solution  is  composed  of 
(a)  matrix  with  3  wt%  of  adhesion  promoter;  (b)  matrix,  3  wt%  of  adhesion 
promoter,  and  3  wt%  of  catalyst  containing  microcapsules;  (C)  matrix,  3  wt%  of 
adhesion  promoter,  and  14  wt%  of  PDMS  containing  microcapsules;  (d)  matrix,  3 
wt%  of  adhesion  promoter,  3  wt%  of  catalyst  containing  microcapsules,  and  14 
wt%  of  PDMS  containing  microcapsules  (in  situ  sample).  Metal  substrates  were 
treated  by  sand  blasting  to  induce  mechanical  adhesion. 


5.9.3  Primer  Coating 

In  the  previous  work,  it  was  evident  that  the  chemical  treatment  with  silane  coupling 
agent  and  the  mechanical  treatment  by  sand  blasting  did  not  improve  the  adhesion  strength  of  the 
self-healing  polymer  coating  layer.  Thus,  it  was  necessary  to  induce  another  coating  layer  at  the 
interface  between  the  self-healing  polymer  and  metal  substrate. 

A  primer  bottom  coating  was  applied  on  a  metal  substrate  prior  to  the  self-healing  coating 
to  increase  the  adhesion  strength  between  the  self-healing  coating  and  metal  substrate. 
Commercially  available  epoxy  based  primer  (KUKDO  Chemical,  KU-420K40)  was  coated  by 
doctor  blade  type  coater  (50  pm  thick).  After  complete  curing  of  the  primer  layer,  a  self-healing 
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coating  was  applied  on  the  top  layer,  followed  by  scratch  damage,  healing  reaction,  and 
corrosion  test.  To  compare  the  anti-corrosion  property  of  specimens  according  to  healing 
temperatures,  control  and  self-healing  samples  were  healed  at  room  temperature,  30  °C,  and 
50  °C.  The  new  organotin  catalyst,  which  showed  the  best  healing  property  in  the  previous 
experiments,  was  used  for  the  self-healing  sample  to  obtain  good  healing  property  at  low 
temperature.  After  120  hours  of  corrosion  test  in  5  wt%  salt  water,  the  control  sample  showed 
very  serious  red  rust  on  the  scratched  part  while  the  self-healing  sample  showed  an  excellent 
anti-corrosion  property  even  at  room  temperature  (figure  5.17).  Furthermore,  the  previous 
adhesion  problem  was  solved  by  this  primer  treatment. 


Figure  5.17  Corrosion  test  result  of  specimens  of  (a)  control  and  in  situ  samples  healed  at  (b) 
room  temperature,  (c)  30  °C,  and  (d)  50  °C  after  120  hours  in  5  wt%  NaCl 
aqueous  solution.  The  self-healing  coating  solution  is  composed  of  epoxy  with 
diethylenetriamine  (DETA),  3  wt%  of  adhesion  promoter,  14  wt%  of  PDMS 
containing  microcapsules,  and  3  wt%  of  tin  catalyst  (synthesized,  Si[OSn(n- 
C/jHg^OOCCHsJzj)  containing  microcapsules.  Metal  substrates  were  coated  by 
primer  bottom  layer  to  induce  adhesion  strength  prior  to  the  self-healing  coating. 
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5.10  Dual  Layered  Self-healing  Coatings 

In  order  to  develop  a  commercially  optimized  self-healing  coating  system,  it  is  necessary 
to  investigate  the  general  compatibility  of  self-healing  coatings  with  commercialized  paints  and 
to  confirm  its  good  anti-corrosion  effect.  Furthermore,  we  need  to  investigate  dual  layer  self- 
healing  coatings,  which  are  composed  of  the  actual  self-healing  coating  in  a  bottom  layer.  A 
conventional  coating  layer  can  be  applied  over  the  self-healing  layer  for  protection  and  to 
improve  the  appearance  (the  self-healing  coating  can  be  rough  due  to  the  incorporated 
microcapsules).  The  commercialized  epoxy  based  coating  solution  (International  Marine 
Coatings,  Intergard  264)  was  used  for  the  matrix  solution.  The  components  for  two 
microcapsule  self-healing  coating  system  were  applied  for  the  self-healing  coatings  (figure  5.18). 


Figure  5.18  Corrosion  test  result  of  specimens  of  (a)  control  and  in  situ  samples  with  (b)  one 


layered  self-healing  coating  and  (c)  dual  layered  self-healing  coating  healed  at 
50  °C  after  120  hours  in  5  wt%  NaCl  aqueous  solution.  The  control  sample  is 
coated  by  Intergard  264.  The  self-healing  coating  solution  is  composed  of 
Intergard  264,  3  wt%  of  adhesion  promoter,  14  wt%  of  PDMS  containing 
microcapsules,  and  3  wt%  of  tin  catalyst  (DMDN-Sn)  containing  microcapsules. 
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In  corrosion  test  the  result  (figure  5.18),  the  dual  layered  self-healing  coatings  showed 
improved  surface  appearance  as  well  as  promising  anti-corrosion  property  the  same  as  the  one 
layered  self-healing  coatings,  while  the  control  sample  showed  serious  corrosion  propagation  on 
the  scribed  part. 

5.11  Conclusions  and  Outlook 

In  this  chapter,  a  two  microcapsule  self-healing  system  composed  of  matrix  with  an 
adhesion  promoter,  healing  agent  containing  microcapsules,  and  catalyst  containing 
microcapsules  was  created.  PDMS  containing  microcapsules  were  synthesized  by  a  urea- 
formaldehyde  microencapsulation  method  according  to  the  previous  methodology  [3]  with  some 
modification.  Although  the  healing  property  of  the  two  microcapsule  self-healing  system  was 
slightly  lower  than  the  one  microcapsule  self-healing  system,  it  could  have  significant  merits  for 
general  matrix  application  with  minimal  system  restrictions.  To  solve  the  poor  adhesion  strength 
between  the  polymer  coating  and  metal  substrate,  a  primer  bottom  coating  prior  to  the  self- 
healing  coatings  was  applied.  The  two  microcapsule  self-healing  system  with  the  new  organotin 
catalyst  was  very  effective  at  low  temperature,  so  that  the  good  healing  property  at  room 
temperature  was  achieved  both  in  the  composite  and  coatings.  It  was  expected  that  the  self- 
healing  coatings  can  greatly  extend  the  lifetime  of  polymer  coatings  on  substrate  materials.  One 
microcapsule  or  dual  microcapsule  self-healing  systems  can  be  applied  according  to  the  matrix 
system.  For  confirming  general  compatibility,  it  was  investigated  the  anti-corrosion  property  of 
commercialized  coating  solutions  with  the  PDMS  based  self-healing  components.  Furthermore, 
the  dual  layer  self-healing  coating  was  developed  for  more  advanced  application,  which  is 


103 


composed  of  the  actual  self-healing  coating  in  a  bottom  layer  and  the  blank  polymer  layer  for 
protection  and  outer  appearance. 

5.12  Experimental 

Experimental  details  for  the  synthesis  of  tin  catalyst  containing  microcapsules  and  TDCB 
sample  tests  were  covered  in  Chapter  2,  and  those  for  coating  sample  fabrication  and  corrosion  tests 
were  covered  in  Chapter  4. 

5.12.1  Microcapsule  Synthesis 

Tin  catalyst  containing  microcapsule  is  modified  using  a  DMDN-Sn  catalyst  (Gelest, 
Dimethydineodecanoate  tin)  for  better  catalytic  activity  due  to  the  shorter  organic  chain. 
Preparation  of  PDMS  containing  microcapsules  is  performed  by  in  situ  polymerization  with 
urea-formaldehyde  shell.  The  method  for  urea- formaldehyde  microencapsulation  is  described  by 
White  et  al.  in  Nature  [1].  Basically,  PDMS  healing  agent  with  lower  molecular  weight  can  be 
directly  encapsulated  by  urea-formaldehyde  microencapsulation,  but  the  high  molecular  one 
needs  to  be  diluted  with  a  solvent  such  as  n-Heptane.  Urea  (5.0  g)  followed  by  resorcinol  (0.5  g) 
and  ammonium  chloride  (0.5  g)  were  dissolved  in  water  (200  ml)  in  a  600  ml  beaker.  A  2.5  wt% 
solution  of  ethylene  maleic  anhydride  copolymer  (50  ml)  was  added  to  the  reaction  mixture  and 
the  pH  of  the  reaction  mixture  was  adjusted  to  3.5.  The  reaction  mixture  was  agitated  at  700 
r.p.m.  and  to  the  stirred  solution  60  ml  of  mixture  of  HOPDMS  (58  ml)  and  PDES  (2  ml)  was 
added  to  achieve  an  average  droplet  size  of  120  pm.  37%  formaldehyde  (12.667  g)  solution  was 
added  to  the  agitated  emulsion  and  then  the  temperature  was  raised  to  55  °C  and  maintained  for  4 
hours.  After  4  hours,  the  reaction  mixture  was  cooled  to  room  temperature  and  the  microcapsules 
were  separated. 
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5.12.2  Sample  Preparation  for  Fracture  Test  with  TDCB  Geometry 

The  test  samples  were  cured  at  room  temperature  for  24  hours  and  then  post  cured  at 
30  °C  for  another  24  hours.  The  specimens  were  tested  until  breaking,  followed  by  healing  at 
50  °C  for  24  hours.  For  the  test  of  temperature  dependence,  the  test  specimens  were  healed  at 
room  temperature,  30  °C  and  50  °C. 

5.12.3  Synthesis  of  TKAS  Catalyst 

0.1  mol  of  di-n-butyltin  diacetate  and  0.025  mol  of  tetraethylsilicate  were  first  mixed  in  a  round 
flask.  The  mixed  solution  was  heated  to  150  °C  while  stirring  under  anhydrous  conditions.  The 
reaction  by-product,  ethyl  acetate,  was  distilled  off  at  atmospheric  pressure.  The  ethyl  acetate 
started  to  condense  at  130  °C,  and  was  considerably  distilled  off  after  15  minutes  at  150  °C.  The 
solution  was  cooled  with  an  ice  bath,  and  the  purified  TKAS  was  harvested  by  filtration.  The 
TKAS  final  product  had  the  form  of  wax-like  spherulites,  which  dissolved  in  an  organic  solvent 
such  as  petroleum  ether,  cyclohexane,  ethyl  acetate,  dichloroethane,  carbon  tetrachloride, 
acetone,  and  chlorobenzene.  1  g  of  the  TKAS  activator  was  dissolved  in  10  milliliters  of 
chlorobenzene  under  stirring  at  80  °C.  The  solution  was  filtered  through  a  sintered-glass  filter 
and  cooled  by  means  of  ice  bath. 

5.12.4  Microencapsulation  of  the  TKAS  Catalyst 

The  microencapsulation  method  for  the  TKAS  catalyst  by  urethane  microencapsulation  is 
almost  similar  to  the  previous  to  other  organotin  catalyst  encapsulation  with  some  modification 
of  tin  catalyst  concentration  (2  wt%)  in  chlorobenzene. 


105 


5.12.5  Corrosion  Test  of  the  Samples  Healed  in  Water  Environments 

For  the  corrosion  tests,  samples  were  coated  with  the  dual  microcapsule  self-healing 
system  which  is  composed  of  epoxy  matrix,  3  wt%  of  adhesion  promoter  ((3- 
trimethoxysilylpropyl)  dimethylene  triamine),  14  wt%  of  PDMS  containing  microcapsules,  and  3 
wt%  of  catalyst  (dimethyldineodecanoate  tin)  containing  microcapsules.  The  substrates  were 
coated  with  this  self-healing  system,  cured  at  room  temperature  for  24  hours  and  at  30  °C  for 
another  24  hours.  These  samples  were  X  scribed  with  a  razor  blade  and  followed  by  healing  in  a 
water  bath  at  50  °C  for  24  hours.  Each  water  bath  contained  pure  water,  salt  water  (5  wt% 
sodium  chloride  aqueous  solution),  and  water  with  different  pH  conditions  (pH  2,  pH  4,  pH  10, 
and  pH  12).  The  corrosion  test  was  performed  by  immersing  the  specimens  in  5  wt%  sodium 
chloride  aqueous  solution  at  room  temperature. 
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CHAPTER  6 


CONCLUSIONS 


My  research  aimed  to  develop  a  new  self-healing  system  by  introducing  environmentally 
stable  healing  chemistry  and  demonstrating  the  concept  of  phase  separated  healing  agents  in 
polymer  matrices.  Phase  separation  of  the  healing  agent  is  an  approach  that  may  be  applicable  to 
a  broad  class  of  new  healing  chemistries  for  structural  polymers.  Using  the  environmentally 
stable  self-healing  system,  we  studied  the  self-healing  effects  of  polymer  composites  for 
structural  materials  and  polymer  coatings  with  anti-corrosion  functionality  by  re-sealing  surface 
cracks  during  weathering  and  mechanical  damage  of  the  coating  layer. 

To  develop  the  self-healing  system,  we  studied  the  chemistries  for  matrix  polymerization, 
the  room  temperature  healing  reaction  of  polydimethylsiloxane  (PDMS)  healing  agent,  and  the 
microencapsulation  of  catalyst  materials  through  interfacial  polymerization.  The  self-healing 
properties  of  the  developed  system  were  investigated  by  fracture  testing  composites  or  corrosion 
testing  coated  specimens.  We  also  established  a  scientific  basis  for  the  self-healing  system  we 
developed  that  used  the  polycondensation  of  phase  separated  droplets  of  PDMS  driven  by  the 
breaking  open  of  microencapsulated  catalysts  to  drive  healing. 

Importantly,  the  polycondensation  reaction  of  PDMS  is  accomplished  at  room 
temperature  using  a  catalyst  which  is  highly  stable  against  water  and  oxygen.  The  microcapsules 
of  the  organotin  catalyst  consist  of  a  polyurethane  shell  material  formed  through  the  interfacial 
polymerization  of  urethane  with  a  chain  extender  in  organic  solvent.  The  self-healing  efficiency 
of  the  polymer  composite  is  evaluated  by  comparing  the  fracture  toughness  of  virgin  and  self- 
healed  samples.  The  addition  of  acryl  ethoxy  silane  to  the  matrix  as  an  adhesion  promoter 
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significantly  improved  the  healing  efficiency  of  the  polymer  composite.  The  self-healing  system 
was  optimized  to  apply  to  low  temperature  healing  by  changing  the  viscosity  of  the  healing  agent 
and  inducing  the  catalyst  with  higher  catalytic  activity.  Thus,  the  excellent  self-healing 
properties  of  a  chemically  stable  polymer  composite  were  demonstrated,  even  under  water 
environments. 

Nevertheless,  we  think  an  even  more  important  application  of  this  self-healing  system  is 
for  coatings.  In  our  study,  a  new  paradigm  for  self-healing  polymer  coatings  which  provides 
very  good  corrosion  resistance  to  metal  substrates  was  demonstrated,  even  after  deep  scratch 
damage.  Polymer  coatings  are  commonly  applied  to  metal  substrates  to  prevent  corrosion  in 
environments  such  as  high  humidity  and  salt  water.  If  the  polymer  coating  has  been  breached, 
for  example  by  cracking  or  scratches,  it  loses  its  effectiveness,  and  corrosion  can  rapidly 
propagate  across  the  substrate. 

In  this  thesis,  we  demonstrated  the  effectiveness  of  self-healing  polymer  coatings  based 
on  the  dispersion  of  PDMS  healing  agents  in  those  coatings.  The  anti-corrosion  properties  of  the 
self-healing  polymer  on  metal  substrates  were  investigated  by  a  corrosion  test;  i.e.,  salt  water 
dipping.  Remarkably,  the  self-healing  coatings  showed  excellent  anti-corrosion  effect  on  the 
scratched  parts,  while  control  samples  that  did  not  include  all  the  necessary  healing  components 
revealed  corrosion  propagation  on  the  damaged  parts.  Scanning  electron  microscopy  (SEM) 
revealed  that  the  damage  in  the  self-healing  system  was  effectively  covered  by  the  polymerized 
healing  agent.  The  depth  difference  of  damaged  parts  between  the  control  and  the  self-healed 
samples  provided  other  evidence  of  a  successful  healing  reaction,  which  coincided  with  the  SEM 
observation.  The  quantitative  comparison  of  the  anti-corrosion  property  by  electro-chemical 
tests  proved  that  the  self-healing  coatings  had  an  excellent  anti-corrosion  property.  The  poor 
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adhesion  strength  between  the  polymer  coating  and  metal  substrate  could  be  overcome  by 
applying  a  primer  layer  at  the  interface.  Eventually,  we  obtained  an  excellent  anti-corrosion 
effect  with  self-healing  coatings  in  the  case  of  scratch  damage  at  room  temperature. 

In  order  to  develop  a  commercially  optimized  self-healing  coating  system,  we 
investigated  the  general  compatibility  of  self-healing  coatings  with  a  commercialized  epoxy 
based  coating  solution  (International  Marine  Coatings,  Intergard  264)  and  confirmed  its  good 
anti-corrosion  effect.  For  more  advanced  self-healing  coatings,  we  will  investigate  the  dual  layer 
self-healing  coating,  which  is  composed  of  the  actual  self-healing  coating  in  a  bottom  layer  and 
the  blank  polymer  layer  for  protection  and  outer  appearance. 

We  can  apply  a  one  microcapsule  system  for  easy  manufacturing  or  a  dual  microcapsule 
system  for  general  matrix  and  curing  agent  application  without  system  restriction  in  both  the 
composite  and  coatings.  In  particular,  due  to  the  environmental  stability  of  PDMS  poly¬ 
condensation,  the  self-healing  coating  may  be  used  in  severe  environments  such  as  high  humidity, 
marine,  and  aerospace  applications.  Furthermore,  the  self-healing  coatings  are  highly  effective 
for  forming  an  anti-corrosion  barrier.  So,  the  self-healing  coatings  can  extend  the  lifetime  of  the 
coated  layer  on  the  substrate  materials  and  can  reduce  the  frequency  of  repair  for  anti-corrosion 
coatings. 
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